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ABSTRACT
One of the greatest challenges in studying the engineering behavior of granular materials
is the lack of tools for an unobstructed view of a large quantity of microscopic particles. This
dissertation presents a thorough characterization of deformations in sheared granular materi-
als. The investigation involves experimental programs, utilization of computed tomography
(CT) techniques, and application of Distinct Element Method (DEM). The investigation was
conducted at multi-scale (macroscopic, mesoscopic, and microscopic) to better understand
the physical properties and constitutive behavior of granular materials during shear. The
experiments include conducting a series of axisymmetric triaxial, miniature axisymmetric tri-
axial, and biaxial experiments. They were focused on dense and dry specimens tested under
low conﬁning pressures. CT was used to acquire three-dimensional (3D) images of specimens
to characterize particles properties and interaction at the mesoscopic and microscopic levels.
Two types of CT systems were utilized; an industrial CT system capable of scanning rela-
tively large specimen with medium resolution, and Synchrotron Micro-Tomography (SMT)
system, capable of scanning smaller specimen with much higher resolution than industrial
CT system. DEM algorithm written in Particle Flow Code in 3D was employed to simu-
late the laboratory experiments at a wide range of conﬁning pressure levels. Two types of
granular material were used; F-75 Ottawa sand and Johnson Space Center (JSC-1A) lunar
regolith simulant.
Results include particle micro-characterization, spatial void ratio distributions, quan-
tiﬁcation of shear band thickness, elucidation of localization phenomenon, particle contacts,
and fabric evolution and development of stress-dilatancy empirical models. The main ﬁnd-
ings include: 1) spatial variation of void ratio in a test specimen is caused by localization
eﬀect, membrane conﬁnement, and conﬁning pressure; 2) the interface regions near shear
bands were introduced and thickness calculation procedure was proposed; 3) good correla-
tions were found between average particle contacts and void ratio; 4) the majority of particles
within the shear band orient in the x-y plane, whereas particles outside the shear band have
xi
no preferred orientation; 5) empirical models was developed to predict the peak friction and
the dilatancy; 6) DEM was capable of predicting the friction angles at very low conﬁning
pressure under terrestrial and reduced gravity environments.
xii
CHAPTER 1
INTRODUCTION
1.1 Background
Over thousands of years people have been dealing with mechanical phenomena in granu-
lar materials. Landslides, soil failure, liquefaction are just few examples to name. In the past
few hundred years, people have been realizing the importance to know and to comprehend
such phenomena in order to develop a general understanding and propose solutions.
In soil mechanics applications, granular materials refer to granular soils. According to
ASTM-D653 (ASTM, 1999), granular soils are sediments or other unconsolidated accumu-
lations of solid particles produced by the physical and chemical disintegration of rocks that
may or may not contain organic matter. The assembly of solid particles handled in suﬃcient
quantities where their characteristics can be described by the properties of the mass of par-
ticles rather than the characteristics of each individual particle. These soils include gravel,
sand, or non plastic silt with little or no clay content. In nature, granular soils generally
have three-phase system consisting of solids, air, and water. Air and water occupy the void
space between particles. Furthermore, typical granular soils have no cohesive strength but
for some soils may exhibit apparent cohesion if they are moist. They cannot be molded when
moist and crumble easily when they are dry.
Granular soils exhibit complex responses due to internal, external applied loads or com-
bination of both loads. The responses can be seen in the form of particle deformations and
particle breakage. Furthermore, the deformation of particles during shearing is not always
trivial, but in fact, for some cases cannot be explained using simple/classic mechanics so-
lutions. This essentially owns to their complex nature represented by composition, shape,
heterogeneity, anisotropy, and particle interactions.
There have been several studies on the deformation of granular materials. In general,
they are classiﬁed as phenomenological and structural approaches (Oda and Iwashita, 1999).
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The phenomenological approach uses continuum theories and mathematical model to explain
the granular materials behavior. However, it does not represent the real case of granular
material, which is non-continuum (discrete). It also does not pay attention to the particle-
to-particle microscopic structure. On the other hand, the structural approach uses micro-
mechanical analysis based on interactions among discrete particles. This is considered the
appropriate approach and the concrete concept in dealing with the granular materials. In the
past time, most researchers paid more attention to only macro level and phenomenological
approach to describe the deformation behavior of granular materials. With the rapid increase
in imaging technology systems in past decade, researchers have been successful in performing
research to characterize granular material at the meso and micro levels. However, these
studies still lack inclusiveness and comprehensive details to describe and provide actual data
of the physical properties and mechanical behavior of granular materials at microscopic
level. Furthermore, at present time, no thorough study has been attempted to explain the
3D particles interaction and microscopic structural evolution during shear. This dissertation
provides key answers to explain those issues.
There are some technical approaches to study the granular material/soils behavior. One
of the promising techniques is the Synchrotron X-ray Microtomography Imaging. It has been
used by researchers to produce and to visualize 3D images of materials at a micro scale. High
resolution images are achieved by performing scan using high intensity (ﬂux) and collimated
(parallel) beam. This technique oﬀers excellent opportunity for many applications such as
material science and engineering research. The use of the synchrotron x-ray as an imaging
technique can be described as a thin and parallel x-ray beam passes through an object, some
of the energy will be attenuated depending on characteristic of every particle in the scanned
object. Then, the projections of attenuated x-ray through the object are collected by a
detector device and reconstructed computationally to create an image slice. The slices are
stacked together to form a rendering of the object.
In addition to the development of the x-ray technology, the robust development in
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computing technology, which includes hardware and software adds more advantages to the
modeling approach such as simulating and validating experimental results on granular soils.
One of the computing techniques to simulate granular soil behavior is known as the Distinct
Element Method (DEM). It has been widely used to model the behavior of granular mate-
rials. It is more representative to compute micro properties of particles than the continuum
models such as Finite Element Method (FEM). This is due to the fact that DEM structures
consist of individual elements packed together to form a physical meaningful behavior in
simulating the particles/soil grains. On the other hand, FEM is based on continuum ap-
proaches, which include a large number of material constants that are diﬃcult to obtain
from simple experiments. Technology has provided the best opportunities for us to perform
more advanced approach to analyze soil deformation behavior.
1.2 Objectives
The main objective of this dissertation is to monitor the deformation of granular soil
particles such as localization phenomena or shear bands by using experimental and DEM
approaches. Deformation in granular soil includes shear deformation, compressional defor-
mation and dilative deformation. The monitoring involves investigations at macro, meso and
micro scales. The dissertation provides insight and better understanding of the deformation
of the granular soil particles. The experimental works used the state-of-the-art techniques
and compared the results with the latest ﬁndings from the researcher to establish a new
insight and approach about micro behavior of granular soil. The experimental works were
emphasized and focused on studying dense and dry specimen tested under low conﬁning
pressure. The dissertation will provide key answers to the following questions:
1. What is the contribution of particles sliding and rotation to shearing resistance?
2. What processes take place within the shear band regions?
3. How do the particles interact and orient within the shear band?
4. How to measure the shear band thickness?, What is the thickness of the shear band?
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5. What is the relationship between dilatancy and other strength parameters?
6. What is the appropriate dilatancy model for highly dilative soils and how it compares
to the current dilatancy models?
7. How does the soil fabric evolve during shearing of granular materials?
1.3 Outline and Structure
The dissertation consists of eight chapters. Chapter 1 gives the general introduction
to the main topics and research problems. It includes the objectives and the outline of
the dissertation. Chapter 2 presents literature review from peer-reviewed articles, reports,
proceedings, books, and journals in order to summarize the state of knowledge about the dis-
sertation topic. Chapter 3 to Chapter 7 discuss about speciﬁc subjects and problems related
to the main topics. Chapter 3 presents a detailed study of spatial variation of void ratio
in sheared biaxial test specimen and the measurements of shear band thickness. Detailed
statistical analysis of the data is discussed. Chapter 4 gives an experimental assessment of
3D particle-to-particle interaction within sheared sand using synchrotron microtomography.
It presents a thorough 3D characterization of particles interaction within sheared sand by
means of visualizing and quantifying the spatial variation of void ratio, particle contacts,
and particle orientation within and outside the shear band. A more elaboration and details
of Chapter 4 is given in Chapter 5, which discusses the experimental assessment of 3D par-
ticle rotation in sand using synchrotron microtomography. It focuses on the change of fabric
orientation and rotation of particles at diﬀerent axial strain levels during shear. Chapter 6
presents a description of physical properties and a characterization of shear strength behavior
of JSC-1A lunar regolith simulant. The eﬀects of density and conﬁning pressure on friction
and dilatancy angles as well as their application to the reduced moon gravity were discussed.
Chapter 7 presents an application of Discrete Element Method (DEM) using Particle Flow
Code in 3 Dimensions (PFC3D) to simulate/validate the 3D axisymmetric triaxial compres-
sion test and to evaluate strength properties of JSC-1A lunar regolith simulant under lunar
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and terrestrial gravity environments for a wide range of conﬁning pressures and densities.
Finally, Chapter 8 presents a summary of the dissertation ﬁndings and recommendations for
future research.
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CHAPTER 2
LITERATURE REVIEW
2.1 General
Studies and research about the deformations of granular soils have dated back to the 18th
century. Coulomb (1776) and Rankine (1857) assumed a ’failure surface’ within a soil mass in
their theories of lateral earth pressure. The failure surface is a line (either curved or straight)
extends from the toe of the retaining wall to the ground surface behind the retaining wall.
It separates the active wedge of the soils from the resisting soils. Later, Culmann (1875)
developed graphical methods to determine the failure surface. Other advanced methods
such as log spiral theory (Terzaghi and Peck, 1967) have also been developed since then.
By knowing the failure surface, equations to compute the lateral earth pressures can be
developed. One of the most important steps in geomechanics is when Coulomb introduced
a famous equation to calculate the shear strength of soils. Together with Mohr, Mohr-
Coulomb criterion of failure was developed. These studies have been drawing the interest
of many researchers to further investigate and to better understand comprehensively the
deformation phenomena in granular soils.
The research in the area of granular soil deformation can be categorized in three main
subjects: theoretical studies, experimental investigations, and computational studies, which
involve Discrete Element Method (DEM) and Finite Element Method (FEM). In theoretical
studies, Vardoulakis and Sulem (1995) have made fundamental contribution to the litera-
ture. They pioneered and investigated the theory of bifurcation analysis in granular soils.
The bifurcation is a deformation in a material that changes from continuous mode to discon-
tinuous and continuous modes. When it is discontinuous, a strain localization (shear band)
phenomenon occurs. The bifurcation analysis has been used to predict and to investigate
the properties of shear bands.
Rowe (1962) paid a closer look at granular soil by performing experiments on ideal
6
assemblies of rods and uniform spheres in regular packings, parallel stack, face-centered
cubic packing, and rhombic packing subjected to deviatoric stress loading. He concluded
that the dilatancy and strength of an assembly of individual particles in contact depend on
the angle of friction between particle, the geometrical angle of packing, and the degree of
energy loss during remolding when subjected to a deviatoric stress system. He also stated
that the Mohr-Coulomb criterion of failure, which is strictly applicable to continuum and
cannot be extended to a discontinuous assembly of particles. In agreement with them,
Roscoe (1970) made a revised statement of the Mohr-Coulomb failure criterion, which takes
into account the observed evidence that rupture surfaces coincide with zero-extension lines.
Rowe (1962) conducted several experiments on retaining walls and investigated the patterns
of deformations. He suggested shifting attention from shear strength only to thinking in
terms of the stress-strain behavior, especially at stress level corresponding to working loads,
which will probably be less than half the values required to produce failure.
Following the work of Rowe (1962) and Roscoe (1970), Bolton (1986) again clariﬁed the
concepts of friction and dilatancy in relation to the selection of strength parameter for design.
He also introduced new relative index and demonstrated its use in predicting of the behavior
of sands at failure in relation to the available published data (empirical models/correlations).
Bolton (1986) considered the implications of the new statistical correlations to the procedures
of the laboratory and ﬁeld testings. Validation of Bolton correlations were later presented
by Schanz and Vermeer (1996). They found that plane strain and triaxial strain conditions
yield the same angle of dilatancy at least near and beyond the peak stress.
Oda et al. (1997) and Oda and Kazama (1998) linked the mechanism of dilatancy
and shear band development in dense granular soils. They performed drained plane strain
tests using Toyoura sand. Thin sections of stabilized samples were investigated using x-ray
photograph. Two shear bands formation grew and joined around the center. The shear
bands initiated around the peak stress and the plastic shear strains were typically very high
within the shear band. A new dilatancy model was developed for granular materials based
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on not only the development of large voids in shear bands but also on the experimental
observations. They concluded that the main micro-structural change in the strain hardening
regime is resulting in the development of columns extending parallel to the direction of
the major principal stress, and the columns begin to buckle during the post-peak regime,
permitting the growth of large voids adjacent ’buckling columns’.
There is ample research carried out on shear band formation by means of theoretical,
experimental, image analysis, and computational method. Examples include Mulhaus and
Vardoulakis (1987), Yoshida et al. (1994), Finno et al. (1997), Wang and Lade (2001), Alshibli
et al. (2000), Desrues and Chambon (2002), Andrade and Borja (2006), etc. Some studies
focused on the inclination of the shear band, validating classical Mohr-Coulomb and Roscoe
(1970) solutions. Few studies were extended to measure the thickness of the shear band
but were still lacking the magniﬁcation level to visualize micro-properties of the shear band
(e.g., Mulhaus and Vardoulakis, 1987; Alshibli et al., 2003b). Experimental investigation
on the growth of the shear band were conducted under various testing condition such as
plane strain (e.g., Yoshida et al., 1994; Finno et al., 1997; Oda et al., 2004), axisymmetric
triaxial (Alshibli et al., 2000), and true triaxial (Wang and Lade, 2001). Few experimental
techniques were also employed to describe the shear band formation and its thickness and
also to verify the theoretical models (e.g., Mulhaus and Vardoulakis, 1987; Alshibli and
Sture, 1999). Many well-documented visual characterization of the thickness of the shear
bands were reported in the literature (e.g., Vardoulakis and Graf, 1985; Alshibli and Sture,
2000; Chang et al., 2003). Previous studies reported that the thickness of the shear band is
between 7 times mean particle size (7d50) to 20d50. Some of the reports are 20d50 (Roscoe,
1970), 16d50 (Vardoulakis and Graf, 1985), 16d50 (Mulhaus and Vardoulakis, 1987), 20d50
(Vardoulakis and Aifantis, 1991), 7d50 or 8d50 (Oda and Kazama, 1998), 10d50 to 15d50
(Alshibli and Sture, 1999), 8.33d50 to 16.68d50 (Batiste et al., 2004), 9.7d50to 15d50 (Oda
et al., 2004). Despite the fact that the thickness of the shear band is highly inﬂuenced by
state and boundary conditions (i.e. void/pore space, presence of water, particle contacts,
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boundary and loading condition), nonetheless the majority of the previous results showed
close agreement with each other. Recent studies have utilized advanced imaging technology
including x-ray tomography to visualize the shear band. Powerful visualization techniques
such as optical digital imaging (e.g., Alshibli and Sture, 1999), Industrial x-ray CT (e.g.,
Chang et al., 2003; Batiste et al., 2004), Microfocus x-ray Computed Tomography (CT)
(e.g., Oda et al., 2004) as well as combinations of optical, x-ray and magnetic resonance
imaging (Mueth et al., 2000) have emerged in the last two decades to acquire images of
meso-scale properties of soil fabric. Optical digital imaging technique requires invasive and
laborious work. On the other hand, the X-ray Computed Tomography (CT) yields better
resolution than optical digital imaging. One of the X-ray CT technique is Synchrotron X-ray
Microtomography, which is capable of producing excellent quality imaging with a very high
resolution that can visualize micro level properties.
2.2 Computed Tomography
2.2.1 CT Scan
The CT system acquires the 3D image of the scanned object where the specimen volume
is projected onto the detector and the x-rays attenuation data are collected simultaneously
creating a cross sectional image slice. The attenuation of the material is inﬂuenced by its
density, composition elements and x-ray energy. The density calibration is needed in order
to get a quantitative analysis of the scanned object. The specimen is then rotated to acquire
the data for the next projection. Object volume consists of slices that are processed by a
computer program where they are stacked together to form a 3D image. Some industrial
CT systems such as FlashCT incorporate an amorphous Silicone (a-Si) ﬂat panel detector
that can accommodate objects with a projected area up to 304.8 mm x 406.4 mm (12 x
16 in). The ﬂat-panel detector technology of the FlashCT system eliminates the need for
time-consuming individual line scans associated with other types of industrial CT systems.
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2.2.2 Density Calibration
CT detects the composition of materials inside the scanned object in form of gray scale
image. In order to determine the density of the material in the CT scan, a density calibration
is needed. Calibration of CT data is concentrated on the CT number versus material density
correlations according to ASTM-E1935 Guidelines (ASTM, 2003). Few common materials
are scanned simultaneously. The CT numbers can be calculated for each of the materials
within the scan. A linear relation between the CT numbers provided in the scans and
their individual attenuation coeﬃcients (Ca) [cm−1], retrieved from National Institute of
Standards and Technology (NIST) (Hubbell and Seltzer, 1997), was calculated. So, for
other materials one can interpolate or extrapolate the calibration in order to know their
CT numbers and linear attenuation. Note that for compounds or material that consists of
elements, the mass of attenuation of the compounds can be calculated as the total attenuation
of their element fractions.
2.2.3 Representative Elementary Volume
In order to calculate the volume properties in the CT images, a representative volume
must be determined. One approach to determine it is by calculating the Representative Ele-
mentary Volume (REV), which is the minimum volume size in the CT image that represents
a physical property (e.g., void ratio). The REV must show that the property calculated
above the minimum volume is nearly constant.
2.2.4 Synchrotron X-ray
The CT technology nowadays is improving towards acquiring higher resolution images.
Synchrotron x-ray is the state-of-the-art technology that can be used for imaging, which
yields excellent results. Synchrotron x-ray is part of synchrotron light produced in an accel-
erator. The synchrotron accelerator generates electromagnetic radiation ranges from infrared
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Figure 2.1: Synchrotron X-ray production
to hard x-ray (i.e., short x-ray wavelength in the x-ray spectrum next to gamma ray spec-
trum). These spectrum are generated as a result of emission of high energy electron stream
(in the magnitude of Giga-electron volts) forced to change its direction by the magnetic ﬁeld
(bending magnet). To generate the x-ray, the synchrotron light spectrum is ﬁltered and
manipulated. Figure 2.1 shows a ﬂow chart to illustrate the generation of synchrotron x-ray.
Generating the synchrotron light begins with the electron guns, heating a cathode to about
1100 oC (APS, 2008) emitting millions of free electrons. These electrons are pulled through
a hole to the end of the gun by high electric ﬁeld potential. The size of the electron beam is
as small as a human hair.
The electron stream is fed into a linear accelerator (linac), which accelerates electron
beams by high-voltage alternating electric ﬁelds. The electron stream is not only accelerated
but also cut into bunches and pulses by high energy microwaves and radio waves. Linac ac-
celerates electrons 450 million electron volts (MeV). The electrons travel more than 99.999%
of the speed of light (APS, 2008).
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Electrons are injected into the booster synchrotron. The boosters use the magnetic
ﬁelds and force the electron to travel in a circle (a racetrack-shaped ring of electromagnets)
and accelerate from 450 MeV to 7 billion electron volts (7 GeV) in one-half of a second,
(APS, 2008). The electrons are traveling at about than 99.999999% of the speed of light.
In order to maintain the orbital path of the electrons, bending and focusing magnets are
used to increase the electron ﬁeld strength in synchronization with the radio frequency ﬁeld.
Accelerated electrons are injected to storage ring (long circumference rings). It is supplied
with electromagnets to focus the electron to a narrow beam. The ring is maintained under
vacuum so that the electron beams cannot be deﬂected by air or other particles. These
electrons are ready for the use of experimentation in each station.
The synchrotron light is produced and intensiﬁed when the bending magnet deﬂects the
electron beam. Each station is equipped with insertion devices, which are usually wigglers
or undulators, cause electrons to wobble through the section, thus emitting light. The
storage ring is provided by other insertion devices to maximize x-ray beam quality (ﬂux and
brilliance).
2.2.5 Tomography Beamline in Synchrotron X-ray
The tomography beamline is a facility where x-ray is utilized in experimental station
(hutch) used for tomography imaging purpose. Figure 2.2 shows the schematic of tomography
experimental set up. The x-ray is transmitted from the insertion devices passing through the
sample (object). The energy of the x-ray is adjusted such that some energy will pass through
the sample and generate enough projection to distinguish diﬀerent material components in
the sample. The projection of the x-ray goes through the scintillator, which is used to convert
the x-ray to a visible light. It consists of crystalline material that absorbs short wave length
of electromagnetic radiation and ﬂuorescent the higher length of electromagnetic radiation
(visible light).
The visible light that exits from the scintillator is reﬂected by mirror to the camera lens
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Figure 2.2: Tomography experimental setup
(microscope objective). The lens can be adjusted to have higher or lower magniﬁcation of
the object. The light is captured by Charged Couple Device (CCD) and stores the data in
a computer for processing.
2.2.6 Image Reconstruction
The CCD captures the light and divides the projection area into pixels. Each pixel
has a value corresponding to the intensity of the detected light. It is normalized by the
range of white and dark ﬁelds/spots. A white ﬁeld represents the intensity where there
is no attenuation whereas the dark ﬁeld represents the intensity where there is no light
received. To obtain 3D images, projection images are acquired while the object (sample) is
rotated from 0 to 180 or 360 degrees. The projections are integrated (transformed) using
mathematical algorithms to form a complete stack of image. Scanning may be performed
in few stacks along the z direction. The stacks are combined together to create a full 3D
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image of the object. It is basically a 3D matrix that consists of values, which represent the
density of the material relative to each other. It can be manipulated mathematically using
a computer code in order to visualize the image (qualitative analyses) or to analyze it for
quantitative analyses.
2.3 Distinct Element Method (DEM)
2.3.1 Previous Studies
DEM is a numerical/computational technique that models a soil assembly of distinct
or discrete particles. It was originally proposed by Cundall and Strack (1979). The idea
of the discrete element method was born since the interpretation of tests on real granular
soil, such as sand, is diﬃcult because the stresses between particles cannot be measured and
must be estimated from the boundary conditions. The DEM analysis can be carried out
in 2D or 3D conditions. Particles are represented by a simple ﬁctitious material such as
disc for the 2D or a sphere in the 3D case. The DEM method is capable to analyze and to
describe the micro-mechanism of the granular assemblies such as micro-deformation, which
leads to the development of the shear band. The motion of each particle and the contact
between particles can be monitored. This technique is also very useful to validate laboratory
experiments for granular soils such as triaxial test, direct shear test, etc.
Prior to Cundall’s work, an analytical model for cubic arrays of monosize spheres was
proposed by Deresiewicz (1958). The analysis included a non-linear and hysteretic stress-
strain behavior and also formulation in predicting the ultimate failure. However, this study
is only limited and restricted to the cubic arrays and uniform sphere size. In addition to
that, analyses of photoelastic techniques using optically sensitive materials for the discs were
described by Josselin and Verruijt (1969). The analysis has made the direct determination
of the contact forces possible. Later, Rodriguez-Ortiz (1974) developed a numerical model
for the assemblies of discs and spheres. The calculation of contact forces and displacements
14
were performed for equilibrium conditions assuming that increments of contact forces are
determined by incremental displacements of the particles. The Hertzian-type contact com-
pliances are used for normal forces, the eﬀects of tangential forces are considered and the
shape changes are negligible. Only relatively a small number of particles could be solved and
it was time-consuming to be processed by computers with limited computational power.
Several researchers in the past few years have used DEM to model and capture micro-
deformation mechanism including shear banding (e.g., Iwashita and Oda, 1998, 2000; Kuhn,
1999; Oda and Iwashita, 2000; Collop et al., 2006). Kuhn (1999) investigated deformations in
the numerical DEM simulations of a large 2D assembly of discs. He found the ’microbands’
appeared spontaneously throughout the test, even at the beginning of the loading. The
microbands ranged in the thickness between one and four particle size. Unlike the shear
bands, the microbands were neither static nor persistent: they would emerge, move, and
disappear. Iwashita and Oda (1998) incorporated an additional elastic spring, a dash pot, a
no-tension joint, and a slider at each contact, which corresponds to the rolling. Each contact
between two particles is replaced by a set of springs, dash pots, no tension joints, and a
shear slider. The spring represents a stiﬀness resistance that develops between particles
when they are subjected to normal forces, shear forces, or a moment force. Similarly, dash
pot represents viscous damping for normal when a normal force, a shear force, or moment
is applied to the particle assembly. Slider represents a free axial movement and a free
rotation. No-tension joint represents no such resistance develop when particles moves away
from each other. Oda and Iwashita (2000) detected interesting changes in the microstructure,
which take place during the strain hardening regime. There was a formation of column-like
structure growing parallel to the direction of the major principal stress. The column-like
structure is reconstructed during a strain softening process by means of rolling at contact
points so that a high gradient of particle rotation is generated, changing from a negative to
a positive rotation in a relatively narrow shear zone.
Other researchers used DEM to investigate soil crushing and fracture (e.g., McDowell
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and Harireche, 2002; Cheng et al., 2003). McDowell and Harireche (2002) modeled soil grains
in DEM as an agglomerate of balls bonded together. They used realistic (actual) particle
parameters and a gravity force was applied to stabilize the agglomerate prior to loading in
order to mimic real soil particle crushing experiments.
Validating and simulating soil experiments using DEM have been carried out by many
researchers (e.g., Ting and Corkum, 1988; Ting et al., 1989; Ng and Dobry, 1992, 1994;
Thornton, 2000; Lanier and Jean, 2000; Masson and Martinez, 2001; Potyondy and Cundall,
2004; O’Sullivan et al., 2004, 2006, Cui et al., 2007). Ting et al. (1989) used a 2D disc-based
implementation of the DEM to validate standard geotechnical laboratory tests, such as 1D
compression, direct simple shear and triaxial tests. They found that 2D DEM can simulate
realistic non-linear, stress history-dependent soil behavior appropriately when individual
particle rotation is inhibited. They showed that use of original DEM algorithm for 2D disc-
shaped particles may overestimate the eﬀect of individual particle rotation in an assembly of
soil particles. The extra rolling leads to reducing aggregate frictional behavior, erratic shear
resistance and higher lateral stresses than would be expected for equivalent subangular 3D
soil particles. However, the 2D disc model may be used to simulate actual 3D soil behavior by
inhibiting the rolling mechanism of deformation appropriately. Thornton (2000) performed
numerical simulations of deviatoric shear deformation of granular media. He found that at
macroscopic scale, the simulated stress-strain-dilation responses are in excellent qualitative
agreement with the mechanical behavior of sand observed in experiments. It was presented
when the system is deforming at constant volume, the deviatoric stress, void ratio, degree
of structural anisotropy, percentage of sliding contacts and mechanical coordination number
are all constant and independent of the initial packing density.
Masson and Martinez (2001) simulated the direct shear test using DEM on loose and
dense samples of granular material. The macroscopic results exhibited typical features of
the shear response of granular materials. At microscopic scale, the particle displacements
between the loose and dense samples are signiﬁcantly diﬀerent and permit describing strain
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localization patterns. O’Sullivan et al. (2004) conducted a series of triaxial and plane strain
laboratory tests on steel spheres with face-centered-cubic and rhombic packing, as well as
discrete element method to simulate these tests. The 3D DEM simulations captured the peak
strength values of the uniform-sized ball specimens well. For the triaxial tests, post-peak
response was found to be sensitive to the coeﬃcient of friction assumed on the specimen
boundaries. The simulations on plane strain tests of the non-uniform sized ball specimens
were also successful in capturing the peak specimen strength; however, the triaxial test
simulations were less successful. This was due to the sensitivity of the response to small
perturbations in the specimen fabric and the diﬃculties associated with accurately describe
the disturbances to the specimen fabric as a result of introducing the non-uniform sphere
sizes.
Cui et al. (2007) investigated micro-scale interactions experienced by particles during
triaxial tests on ideal granular materials using DEM. They used circumferential periodic
boundaries, and a triangulation-based stress-controlled membrane. They stated that the use
of a system of circumferential rigid walls to model axisymmetric problems using DEM was
inappropriate.
Particle rotation and rolling have been investigated (e.g., Bardet, 1994; Oda et al., 1997).
Bardet (1994) found that using DEM simulation on biaxial test, the particle rotation were
shown to have little inﬂuence on the elastic properties of the idealized granular materials,
but signiﬁcant eﬀects on their strength. The overall peak and residual friction angles were
smaller than the interparticle friction angle because of the concentration of rotations in the
shear bands. When particle rotations are artiﬁcially prevented then the localized failure
patterns become diﬀerent from those observed experimentally in granular media. Oda et al.
(1997) agreed with the ﬁndings from Bardet (1994). They found that particle rotation is a
major factor controlling the dilatancy and failure of the granular media. Free rotation model
without any resistance against rolling at contacts was far from micro-deformation mechanism
leading to the realistic micro-structure developed in shear bands. Further, Iwashita and Oda
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(2000) proposed a modiﬁcation of DEM (MDEM). Conventional DEM was modiﬁed slightly
such that the eﬀect of rolling resistance at contact points could be taken into account. It
was found that MDEM can simulate the generation of large voids within a shear band along
with a high gradient of particle rotation along the shear band boundaries, in a quite similar
manner to those observed in natural granular soils. They succeeded in generating a column-
like structure using MDEM during the hardening process and its collapse in the softening
process.
One of the important factors in conducting the DEM simulation is the particle shape
and the geometry. Real particle shapes are irregular and diﬃcult to generalize. DEM uses
ideal shapes such as a disc or a sphere to resemble actual granular material. Researches
have been conducted to analyze the eﬀect of particle shape (e.g., Sawada, 1994; Thomas and
Bray, 1999; Jensen et al., 2001; O’Sullivan et al., 2002). The idea was to use particles with
shapes as close as possible to the actual shape of the granular materials although it is not
practical to model a large number of particles, each with its actual shape and size. Sawada
(1994) attempted to numerically analyze the eﬀect due to the inherent anisotropy on the
strength and deformation behavior of granular materials using DEM and compare it with
the data obtained from the laboratory tests. DEM using oval elements with diﬀerent ﬂatness
ratio has been used for the simulations of plane strain compression test under constant strain
condition. It was found that the numerical method using oval elements could simulate the
shear behavior and anisotropy of sand to some extent.
Thomas and Bray (1999) proposed a new particle type and disc clusters. It consists of
a group of circular discs permanently connected to form an irregularly shaped particle that
more closely mimic the shape of granular materials and has fewer tendencies to rotate. They
found that the computation speed was not signiﬁcantly decreased. Due to their non-spherical
shape, rotational stability, and computational simplicity, disc clusters provide a signiﬁcant
improvement in discrete numerical modeling of granular materials. O’Sullivan et al. (2002)
highlighted that small variations in rod geometry and shape will aﬀect the global response.
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Furthermore, numerical simulations indicated that the peak friction angle decreases as the
standard deviation of the distribution of particle surface friction increase. Sawada (1994)
analyzed the eﬀect due to the inherent anisotropy on the strength and deformation of granular
materials.
Some ﬁeld case studies were simulated by DEM was performed by Cleary (2000) and
Balden et al. (2001). Cleary (2000) performed numerical simulation test for dragline excava-
tors, mixing in tumblers and charge motion in centrifugal mills. He showed the importance of
particle shape and blockiness of material that aﬀect the strength of the particle microstruc-
ture. He found a very close agreement between the simulations, the experiments and with the
theory. It gave a degree of conﬁdence that the DEM approach of trying to correctly model
the applications at the particle level is capturing suﬃcient reality to give good predictions.
Similarly, Balden et al. (2001) performed ball milling simulation using DEM. It was used to
predict gross power draw in bench mill trials. They found that the simulations follow the
trend of the experimental tests. However, they suggested that at that stage the comparison
is subjective and a more stringent comparative based on mathematical or statistical analyses
is required to fully evaluate the results.
2.3.2 Particle Flow in Three Dimensions (PFC3D)
PFC3D models the movement and interaction of spherical particles within the DEM. It
is a commercial-software that can be used as a tool to perform research about the behavior
of granular material. There are two factors, which make the DEM approach is developing.
First, because that the task of deriving general constitutive laws from test results on particle
assemblies is very diﬃcult while DEM makes it simple (the constitutive behavior is built
into the model automatically). Second, because of the increase in computational power,
it becomes possible to model problems that involve a large number of particles. PFC3D
is designed to be an eﬃcient tool to model complicated problems in solid mechanics and
granular ﬂow.
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PFC3D models the movement and interaction of stressed assemblies of rigid spherical
particles (ball). A thorough description of the method was presented by Cundall (1988)
and Hart et al. (1988) and in the PFC3D manual (Itasca, 1999). PFC3D is classiﬁed as a
discrete element code based on the deﬁnition in the review of Cundall (1992) since it allows
ﬁnite displacements and rotations of discrete bodies, including complete detachment, and
recognizes new contacts automatically as the calculation progresses. It can be viewed as a
simpliﬁed implementation of the DEM because of the restriction to rigid spherical particles.
The general DEM can handle deformable polygonal-shaped particles. Only those aspects
of the DEM applicable to PFC3D will be presented here, readers are referred to Cundall
(1988) and Hart et al. (1988). In the DEM, the interaction of the particles is treated as a
dynamic process with states of equilibrium developing whenever the internal forces balance.
The contact forces and displacements of a stressed assembly of particles are found by tracing
the movements of individual particles. Movements result from the propagation through the
particle system of disturbances caused by speciﬁed wall and particle motion and/or body
forces. This is a dynamic process in which the speed of propagation depends on the physical
properties of the discrete system.
The dynamic behavior is represented numerically by a timestepping algorithm in which
it is assumed that the velocities and accelerations are constant during each timestep. The
solution scheme is identical to that used by the explicit ﬁnite-diﬀerence method for continuum
analysis. The DEM is based upon the idea that the timestep chosen may be so small that,
during a single timestep, disturbances cannot propagate from any particle further than its
immediate neighbors. Then, at all times, the forces acting on any particle are determined
exclusively by its interaction with the particles with which it is in contact. Since the speed
at which a disturbance can propagate is a function of the physical properties of the discrete
system, the timestep can be chosen to satisfy the above constraint. The use of an explicit,
as opposed to an implicit, numerical scheme makes it possible to simulate the non-linear
interaction of a large number of particles without excessive memory requirements or the
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need for an iterative procedure.
The calculations performed in the DEM alternate between the application of Newton’s
second law to the particles and a force-displacement law at the contacts. Newton’s second
law is used to determine the motion of each particle arising from the contact and body forces
acting upon it, while the force-displacement law is used to update the contact forces arising
from the relative motion at each contact. The presence a rectangular planar polygon (walls)
to usually to simulate boundaries in PFC3D, requires only that the force-displacement law
account for ball-wall contacts. Newton’s second law is not applied to walls, since the wall
motion is speciﬁed by the user.
A general particle-ﬂow model simulates the mechanical behavior of a system comprised
of a collection of arbitrarily-shaped particles. Note that the term particle as used here, diﬀers
from its more common deﬁnition in the ﬁeld of mechanics where it is taken as a body whose
dimensions are negligible and therefore occupies only a single point in space. In the present
context, the term particle denotes a body that occupies a ﬁnite amount of space. The model
is composed of distinct particles that displace independently from one another and interact
only at contacts or interfaces between the particles. If the particles are assumed to be rigid,
and the behavior of the contacts is characterized using a soft contact approach, in which a
ﬁnite normal stiﬀness is taken to represent the measurable stiﬀness that exists at a contact.
Then the mechanical behavior of such a system is described in terms of the movement of
each particle and the inter-particle forces acting at each contact point. Newton’s laws of
motion provide the fundamental relationship between particle motion and the forces causing
that motion. The force system may be in static equilibrium-in which case, there is no motion
or it may be such as to cause the particles to ﬂow. More complex behavior can be modeled
by allowing the particles to be bonded together at their contact points such that when the
inter-particle forces acting at any bond exceed the bond strength, the bond breaks. This
allows tensile forces to develop between particles. One can then model the interaction of
these bonded blocks, including the formation of cracks that may cause blocks to fragment
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into smaller blocks.
PFC3D provides a particle-ﬂow model based on the following assumptions.
1. Particles are treated as rigid bodies.
2. The contacts occur over a vanishingly small area (i.e., at a point).
3. The behavior at the contacts assumes a soft-contact approach wherein the rigid parti-
cles are allowed to overlap with one another at contact points.
4. The magnitude of the overlap is related to the contact force via the force displacement
law, and all overlaps are small when compared to particle sizes.
5. Bonds can exist at contacts between particles.
6. All particles are spherical; however, the clump logic supports the creation of super-
particles of arbitrary shapes.
Each clump consists of a set of overlapping particles that act as a rigid body with a de-
formable boundary. The assumption of particle rigidity is a good one when most of the
deformation in a physical system is accounted for by movements along interfaces. The de-
formation of a packed-particle assembly or a granular assembly such as sand, as a whole is
described well by this assumption, since the deformation results primarily from the sliding
and rotation of the particles as rigid bodies and the opening and interlocking at interfaces
and not from individual particle deformation. Precise modeling of particle deformation is
not necessary to obtain a good approximation of the mechanical behavior for such systems.
The force-displacement law relates the relative displacement between two entities at a
contact to the contact force acting on the entities. For both ball-to-ball and ball-to-wall
contacts, this contact force arises from contact occurring at a point. For ball-to-ball contact,
an additional force and moment arising from the deformation of the cementitious material
represented by a parallel bond can also act on each particle. The force-displacement law
operates at a contact and can be described in terms of a contact point, xi
[C] , lying on a
contact plane, which is deﬁned by a unit normal vector ni . The contact point is within
the inter-penetration volume of the two entities. For the ball-to-ball contact, the normal
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Figure 2.3: Ball-to-ball contact (Itasca, 1999)
vector is directed along the line between ball centers; for the ball-to-wall contact, the normal
vector is directed along the line deﬁning the shortest distance between the ball center and the
wall. The contact force is decomposed into normal component acting in the direction of the
normal vector and a shear component acting along the contact plane. The force-displacement
law relates these two components of force to the corresponding components of the relative
displacement via the normal and shear stiﬀnesses at the contact. The force-displacement
law is described for both ball-to-ball and ball-to-wall contacts. For ball-to-ball contact, the
relevant equations are presented for the case of two spherical particles, labeled A and B in
Figure 2.3. For ball-to-wall contact, the relevant equations are presented for the case of a
spherical particle and a wall, labeled as b and w, respectively (in Figure 2.4). In both cases,
Un denotes overlap.
For a ball-to-ball contact, the unit normal ni that deﬁnes the contact plane is given by:
ni =
x
[B]
i − x[A]i
d
(2.1)
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Figure 2.4: Ball-to-wall contact (Itasca, 1999)
where xi
[A] and xi
[B] are the position vectors of the centers of balls A and B, and d is the
distance between the ball centers:
d =
∣∣∣x[B]i − x[A]i ∣∣∣ =
√(
x
[B]
i − x[A]i
)2
(2.2)
For a ball-to-wall contact, ni is directed along the line deﬁning the shortest distance (d)
between the ball center and the wall. This direction is found by mapping the ball center into
a relevant portion of space deﬁned by the wall. The idea is illustrated in Figure 2.5 for 2D
wall composed of two line segments AB and BC.
All space on the active side of this wall can be decomposed into ﬁve regions by extending
a line normal to each wall segment at its endpoints. If the ball center lies in regions 2 or
4, it will contact the wall along its length, and ni will be normal to the corresponding wall
segment. However, if the ball center lies in regions 1, 3, or 5, it will contact the wall at one
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Figure 2.5: Normal direction for ball and wall contact (Itasca, 1999)
of its endpoints, and ni will lie along the line joining the endpoint and the ball center. For
the 3D convex polygonal walls in PFC3D, the above idea is extended such that the ball may
contact the wall at a vertex, along an edge joining two wall segments, or on a face. The
overlap Un, deﬁned as the relative contact displacement in the normal direction, which is
given by:
Un = R[A] + R[B] − d (ball − to− ball)
Un = R[B] − d (ball − to− wall)
(2.3)
where R[A] and R[B] are the radius of ball A and ball B, respectively. The location of the
contact point is given by:
x
[C]
i = x
[A]
i +
(
R[A] − 1/2U [n])ni ball-to-ball
x
[C]
i = x
[B]
i +
(
R[B] − 1/2U [n])ni ball-to-wall (2.4)
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The contact force vector Fi (which represents the action of ball A on ball B for ball-to-
ball contact, and represents the action of the ball on the wall for ball-to-wall contact) can
be resolved into normal and shear components with respect to the contact plane as:
F i = F ni + F
s
i (2.5)
Fni and F
s
i denote the normal and shear component vectors, respectively. The normal contact
force vector is calculated as:
F ni = K
nUnni (2.6)
Where Kn is the normal stiﬀness [force/displacement] at the contact. The value of Kn is
determined by the current contact-stiﬀness model. Note that the normal stiﬀness, Kn, is
a secant modulus, which relates total displacement and force. The shear stiﬀness, ks is
a tangent modulus, which relates incremental displacement and force. An upper-case K
denotes a secant modulus, and a lower-case k denotes a tangent modulus. The computation
of the normal contact force from the geometry alone makes the code less prone to numerical
drift and more eﬃcient in handling arbitrary placement of balls and changes in ball radii
after a simulation has begun (used in the compaction algorithm). Therefore, Equations
are evaluated in double precision. The shear contact force is computed in an incremental
fashion. When the contact is formed, the total shear contact force is initialized to zero.
Each subsequent relative shear-displacement increment results in an increment of elastic
shear force that is added to the current value.
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CHAPTER 3
SPATIAL VARIATION OF VOID RATIO AND SHEAR BAND
THICKNESS IN SAND USING X-RAY COMPUTED
TOMOGRAPHY
3.1 Introduction
The constitutive behavior of soils is highly inﬂuenced by their micro-fabric (structure)
properties, boundary, and loading conditions. Mitchell and Soga (2005) deﬁned soil structure
as the arrangement of particles, particle groups, and the associated pore space. When a soil
mass is sheared, shear strains usually localize into narrow intensive shearing zones called
shear bands, which are generally described by their inclination angles (or surface shape) and
thicknesses. It is well documented in the literature that when a specimen is loaded under
plane strain condition, it fails along well deﬁned single or multiple shear bands depending on
the boundary conditions (e.g., Han and Drescher, 1993; Alshibli and Sture, 2000) whereas
axisymmetric triaxial specimens failure is characterized by a more complex pattern of shear
bands (Desrues et al., 1996; Alshibli et al., 2003b).
In granular materials, shear bands are visible and involve many particles in the direction
normal to the band axis. Most research eﬀorts have focused on just describing shear bands by
measuring or predicting their inclination angles and comparing them with the classical Mohr-
Coulomb and Roscoe (1970) solutions. Fewer studies have extended shear band description
to include thickness measurements in addition to the inclination angle. This may be due to
the diﬃculty of experimentally measuring the shear band thickness. In addition, classical
non-local continuum theories of soil plasticity fail to predict shear band thickness, because
they do not include internal length parameters and hence become ill-posed in the post-
bifurcation regime where ellipticity is lost. Micro-rotations or higher strain gradients should
be included in the yield condition, when using ﬂow and deformation theories of plasticity in
order to predict shear band thickness (e.g. Mulhaus and Vardoulakis, 1987; Vardoulakis and
Aifantis, 1991). Experimental measurement of shear band thickness is therefore very useful
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to better understand the deformation and localization mechanisms of granular materials
during shearing and to help calibrate theoretical models developed to predict shear band
thickness.
In the literature, shear band thickness measurements are mainly divided into theoretical
derivations using ﬂow and deformation theories of plasticity and experimental observations.
Mulhaus and Vardoulakis (1987) showed that the shear band thickness is about 16d50 (six-
teen times the average particles diameter) using Cosserat’s theory within the framework of
deformation theory of plasticity. Vardoulakis and Aifantis (1991) incorporated second order
gradients into the ﬂow rule and yield condition of the ﬂow theory of plasticity and found
that shear band thickness is about 20d50. Alshibli et al. (2006) used Cosserat theory to
predict shear band thickness and found it ranging from 10d50 to 15d50 depending on spec-
imen density, conﬁning pressure, shape, sphericity, and size of particles. X-ray Radiograph
techniques have been used to measure shear band thickness. For example, Roscoe (1970)
found (based on experimental observations) the shear band thickness to be about 20d50.
Vardoulakis and Graf (1985) and Vardoulakis et al. (1985) measured shear band thickness of
ﬁne sand specimens tested under biaxial condition and found the average thickness of 16d50.
More recently, Batiste et al. (2004) used CT technique to characterize shear band thickness
of triaxial specimens composed of F-75 Ottawa sand. The specimens failed via multiple pri-
mary and secondary shear bands. Batiste et al. (2004) reported mean shear band thickness
in the range of 8.33d50 to 16.68d50 with a void ratio as high as 0.885 within the shear band.
Optical digital imaging techniques have been widely used to monitor and track deforma-
tion of sands and to measure shear band inclination and thickness (e.g. Han and Drescher,
1993; Finno et al., 1997; Alshibli and Sture, 1999). However, optical digital imaging methods
can only provide surface measurements with the assumption that the shear band thickness
is spatially constant. X-ray Computed Tomography (CT) has emerged as a powerful non-
destructive scanning technique that can produce a 3D rendering of the scanned object. It is
a technique in which an incident x-ray beam passes through an object and is collected with
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an array of detectors or detector panel; the object is rotated such that the beam probes from
several angles to collect attenuation data and produce the equivalent of a ’slice’ through the
region of interest. The attenuation information collected during the rotation is then used in
a computer program to reconstruct a slice image of the internal structure. By stacking all
slices, a 3-D volumetric image of the object can be constructed. X-ray CT has been widely
used in many disciplines. Examples of soil mechanics applications include:
1. Mapping spatial distribution of void ratio inside sand specimens (e.g., Alshibli et al.,
2000)
2. Describing strain localization in sand and clay specimens tested under triaxial loading
conditions (e.g., Desrues et al., 1996; Alshibli et al., 2000; Lenoir et al., 2003); and
3. Calculating micro-strain distribution of triaxial sand specimens (Chang et al., 2003;
Alshibli and Alramahi, 2006).
Oda et al. (2004) presented a limited study utilizing microfocus CT to study the structure
of sand grain columns within shear bands.
This chapter visualizes and quantiﬁes the spatial variation of void ratio and shear band
thickness within a plane strain sand specimen using x-ray CT. The general assumption of a
constant shear band thickness in plane strain specimens has not been veriﬁed experimentally
yet. Numerical studies show that spatial variation of sand density and micro-properties such
as porosity (void ratio), particle shape and sphericity will aﬀect the characteristics of shear
bands (Andrade and Borja, 2006; Alsaleh et al., 2006). The results of provide valuable
measurements that can be used to calibrate and verify related numerical studies.
3.2 Experiment Description
A prismatic specimen that measures 57.4 mm wide x 120.5 mm long x 182.1 mm high
was prepared using a special mold. Sand was deposited into the mold using air pluviation
(raining) at a certain intensity and velocity (controlled by the opening of the funnel from
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Figure 3.1: Particle size distribution of F-75 Ottawa sand
which the sand is poured and the distance between the funnel and the mold, respectively,
refer to Al-Shibli et al. (1996) for more information about the pluviation technique). F-75
Ottawa sand was used to prepare the specimen. The particle size distribution of F-75 Ottawa
sand is shown in Figure 3.1. It is a natural uniform Silica sand that was mined from Ottawa,
Illinois, USA and marketed by the American Silica Company. It has a mean particle size
of 0.16 mm and speciﬁc gravity of solid particles of 2.65. The minimum void ratio (emin,
ASTM-D4253) and maximum void ratio (emax, ASTM-D4254) were found to be 0.486 and
0.805, respectively. The specimen has an initial dry bulk density of 1.707 g/cm3, which
corresponds to a relative density of 79% and initial ’global’ void ratio (eg) of 0.552 based on
overall weight-volume measurements.
The conﬁning pressure (σ3) was kept constant at 25 kPa using vacuum throughout the
experiment. First the specimen was scanned. Then it was compressed in the axial direction
at a constant displacement rate of 1 mm/min using the Louisiana Plane Strain Apparatus
(Alshibli et al., 2004). The specimen top end-platen was rigidly attached to an alignment
or H-guide frame that has four linear bearings to provide smooth movement along the guide
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Figure 3.2: Photo of the plane strain experiment after shearing (walls to impose plane
strain condition are removed before taking the picture)
rods in the axial direction. The linear bearings also prevent tilting of the top end-platen,
which is critical to ensure unbiased boundary conditions. The bottom end platen is free to
move in the lateral direction to enable free development and propagation of shear band. The
experiment was terminated shortly after the onset of the shear band (Figure 3.2) at 4% axial
strain. It was then scanned again.
3.3 CT Scanning and Calibration
3.3.1 CT Scans
The x-ray CT scans were performed at NASA/Marshall Space Flight Center (MSFC) CT
facility in Huntsville, Alabama, USA. The MSFC CT scanner is a third generation industrial
31
system called FlashCT manufactured by HYTEC Inc., Los Alamos, New Mexico, USA. It
incorporates an amorphous Silicone (a-Si) ﬂat panel detector that can accommodate objects
with a projected area up to 304.8 mm x 406.4 mm (12 x 16 in). The ﬂat-panel detector
technology of the FlashCT system eliminates the need for time-consuming individual line
scans associated with other types of industrial CT systems. It utilizes the concept of ’volume
tomography’ where the whole specimen area is projected onto the detector and the x-rays
attenuation data are collected simultaneously. Then the specimen is rotated to acquire the
data for the next view. The detector resolution is 0.127 mm/pixel. The specimen was
scanned at 335 keV energy and a current of 2.5 mA.
Programs were written by the authors using Interactive Data Language (IDL) software
that was developed by Research Systems- a Kodak Company, in order to process and analyze
the CT images. The number of slices before and after shearing consists of 1792 and 1784
slices, respectively. Each slice was cropped to 1040 x 480 pixel. The 3D volume rendering
of the specimen was generated by stacking the 2D slices.
3.3.2 Density Calibration
As the x-ray beam passes through an object, some photons are either scattered with
some loss of energy or completely absorbed in a photoelectric interaction. This results in the
attenuation of the intensity of beam. The linear coeﬃcient of attenuation of the material
(µ) is a measure of the amount of attenuation of the x-ray beam. It depends on the photon
energy, chemical composition, and density of the material. Processed CT scans are typically
represented by grayscale slice images. The CT number is deﬁned as the pixel value of a
certain point within the image. The CT number has a linear relationship, which one can
correlate CT number to the material density according to ASTM Guidelines (ASTM, 2003).
An acrylic phantom with inserts of other materials (Figure 3.3) was scanned using the same
energy and geometric settings as the specimen. Mean CT numbers were calculated for each
of the materials within the phantom scan (Table 3.1). The attenuation coeﬃcients of these
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Figure 3.3: Schematic of plan view of density calibration phantom
materials were calculated based on the scanning energy and information published by the
National Institute of Standards and Technology (NIST) (Hubbell and Seltzer, 1997). Figure
3.4 shows the relationship between CT number and of the materials within the phantom.
To convert the CT numbers to void ratio, a mass attenuation coeﬃcient (=µ/ρ where ρ
is the dry bulk density of the silica sand) value of 0.1034 cm2/g (summation of fraction
element attenuation of SiO2) was used for the silica sand. It is constant regardless of ρ
value. Knowing the speciﬁc gravity of sand (2.65), one can calculate the void ratio based on
the CT number.
3.3.3 Representative Elementary Volume (REV)
REV is the minimum volume size in the CT image that represents a physical property
(e.g., void ratio). Three REV locations were randomly chosen inside the CT images of the
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Table 3.1: CT numbers and their corresponding attenuation of materials within the
standard phantom
Material CT number 
Mass 
attenuation 
(cm2/g)
Mass 
density 
(g/cm3)
Linear 
attenuation 
(cm-1)
Air 788.237 0.1028 0.0000 0.0000
Water 2060.653 0.1142 1.0000 0.1142
Pyrex Glass 3264.343 0.1029 2.2410 0.2305
Graphite 2735.420 0.1027 1.8100 0.1859
Polyethylene 2041.623 0.1172 0.9416 0.1104
Aluminum 3738.063 0.1002 2.6667 0.2672
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Figure 3.4: Relationship between CT number and linear attenuation coeﬃcient of the
standard phantom
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Figure 3.5: Void ratio versus side length for three REV locations
specimen before shearing. Using the calibration relationship (Figure 3.4), the CT number
from the image and the corresponding linear attenuation of each REV were obtained and
used to calculate the void ratio. The calculations were repeated by increasing the size of the
REV starting from one voxel. Since the REV is a cube, the number of elements increases by
n3. The side length of the cube is n x 0.127 mm/pixel. Figure 3.5 depicts the relationship
between the void ratio and the side length of the cube of REV for three locations. It shows
that the void ratio becomes nearly constant when the side length is larger than 2.54 mm
(n=20). Thus, an REV that measures 2.54 x 2.54 x 2.54 mm3 or equivalent to 15.9d50 x
15.950 x 15.9d50 was used to quantify the spatial variation of void ratio.
3.4 Spatial Distribution of Void Ratio
The x-ray CT technique produces a large volume of data that can be presented quali-
tatively or quantitatively. Only representative results are presented in this chapter. Figure
3.6a depicts a typical axial CT image of the specimen, which shows that the specimen failed
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Figure 3.6: Image and void ratio map for Proﬁle III (at the center of specimen):(a) CT
image, (b) Void ratio before shearing, (c) Void ratio after shearing, (d) Change in void
ratio = (c)-(b)
along a single shear band with an inclination angle of 65.6o measured from the direction of
the minor principal stress (horizontal axis). Darker regions within the CT image represent
less dense material. Shearing causes sand dilation within the shear band. Figure 3.6b shows a
fairly uniform distribution of void ratio before compression. Then after compression (Figure
3.6c), the wedge below the shear band becomes denser due to specimen weight and vertical
movement restraint at the bottom of the specimen. The highest void ratio was observed
within the shear band. Figure 3.6d shows that there is up to 20% increase in void ratio
within the specimen after shearing with the highest increase taking place within the shear
band.
Figure 3.7 illustrates the locations of sections and proﬁles that were used in producing
void ratio variation trends and the thickness of the shear band. Proﬁles represent vertical
(axial) planes (xz plane) whereas sections represent horizontal REV’s along the x-axis (xy
plane). The variation of void ratio for Proﬁles I and III along Sections 1 through 8 are shown
in Figure 3.8. Proﬁle I is only 11.5 mm from the edge of the specimen whereas Proﬁle III
is at the center of specimen. Figure 3.8a & b show a gradual increase of void ratio from
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the edge of the specimen to the middle before and after compression, which is attributed to
boundary eﬀects. Although extreme care was taken in preparing the specimen, the eﬀects
of conﬁning pressure and the conﬁnement of the latex membrane at regions close to the
specimen boundaries cause densiﬁcation of that portion of the specimen. Axial compression
caused dilation of the specimen, which explains the increase in void ratio after shearing.
Boundary eﬀects diminish for Proﬁle III (Figure 3.8c & d) where a fairly uniform distribution
of void ratio is observed for the specimen before shearing whereas there is a clear jump in
void ratio value within the shear band after shearing (Figure 3.8d). The specimen is fairly
uniform in the axial direction where there is no signiﬁcant change in void ratio between
Sections 1 through 8 especially before shearing.
The statistical values of void ratio before and after compression are presented in Tables
3.2 and 3.3, respectively. Referring to Table 3.2, one can notice similar average void ratio
values for Sections 1 through 8 for the same proﬁle, which is an indicator of negligible change
in void ratio from top to bottom of the specimen before shearing with an average standard
deviation (SD) smaller than 5%. On the other hand, void ratio increases from Proﬁles I to III
and from V to III, which is an indicator of denser boundary regions compared to the middle
part of the specimen. Similar observations can be drawn for the specimen after compression
(Table 3.3). A summary of statistical change of void ratio is presented in Table 3.4 where an
average increase in void ratio as high as 24.71% was recorded for Proﬁle V with SD values
ranging from 2.93% to 9.33% depending on the proﬁle and section location.
Figure 3.9 presents the change in void ratio distribution, which provides clear evidence
that there is a noticeable increase in void ratio within the shear band. The void ratio within
the shear band is the highest along any of the proﬁles or sections. The following section
provides more information about statistical variation of void ratio within and at boundaries
of the shear band.
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Figure 3.7: Proﬁles and sections used in the analysis
Table 3.2: Statistical summary of void ratio within the specimen before shearing (initial
global void ratio based on weight-volume measurements is 0.552)
Profile 
 
Section 
1 
Section 
2 
Section 
3 
Section 
4 
Section 
5 
Section 
6 
Section 
7 
Section 
8 
Average 
 
I Average 0.497 0.499 0.495 0.481 0.499 0.498 0.492 0.487 0.494 SD 0.041 0.040 0.041 0.042 0.063 0.055 0.053 0.047 0.048 
II Average 0.549 0.564 0.577 0.567 0.566 0.578 0.578 0.570 0.569 SD 0.012 0.007 0.012 0.011 0.014 0.013 0.016 0.016 0.013 
III Average 0.542 0.559 0.572 0.569 0.554 0.569 0.566 0.562 0.562 SD 0.013 0.014 0.017 0.015 0.013 0.011 0.015 0.013 0.014 
IV Average 0.538 0.546 0.546 0.540 0.523 0.546 0.544 0.546 0.541 SD 0.016 0.015 0.015 0.019 0.015 0.012 0.017 0.021 0.016 
V Average 0.507 0.510 0.501 0.485 0.478 0.491 0.481 0.483 0.492 SD 0.054 0.054 0.052 0.048 0.045 0.047 0.046 0.045 0.049 
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Figure 3.8: Void ratio distribution for Proﬁles I and III before and after shearing: (a)
Before shearing at proﬁle I, (b) After shearing at proﬁle I, (c) Before shearing at proﬁle III,
(d) After shearing at proﬁle III
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Table 3.3: Statistical summary of void ratio for the specimen after (initial global void ratio
based on weight-volume measurements is 0.552)
Profile 
 
Section 
1 
Section 
2 
Section 
3 
Section 
4 
Section 
5 
Section 
6 
Section 
7 
Section 
8 
Average 
 
I Average 0.585 0.563 0.558 0.542 0.534 0.537 0.525 0.513 0.545 SD 0.043 0.045 0.048 0.053 0.053 0.057 0.051 0.045 0.049 
II Average 0.634 0.636 0.631 0.631 0.603 0.631 0.615 0.591 0.621 SD 0.017 0.016 0.014 0.018 0.018 0.019 0.017 0.018 0.017 
III Average 0.634 0.681 0.677 0.667 0.648 0.665 0.649 0.619 0.655 SD 0.013 0.029 0.026 0.024 0.021 0.022 0.024 0.026 0.023 
IV Average 0.652 0.686 0.696 0.688 0.678 0.679 0.664 0.632 0.672 SD 0.018 0.009 0.014 0.012 0.013 0.013 0.015 0.017 0.014 
V Average 0.619 0.625 0.633 0.627 0.620 0.614 0.593 0.576 0.613 SD 0.057 0.052 0.063 0.061 0.064 0.061 0.053 0.046 0.057 
 
Table 3.4: Change in void ratio (eaftershearing - ebeforeshearing)
Profile I II III IV V 
Average % 
increase in e SD of e (%) 
Average e before shearing  0.494 0.569 0.562 0.541 0.492 
Average e after shearing 0.545 0.621 0.655 0.672 0.613 
Average % 
increase in e 
Section 1 18.42 11.49 12.81 20.45 25.80 17.80 5.83 
Section 2 14.11 11.87 21.23 26.76 27.14 20.22 7.05 
Section 3 12.96 10.97 20.46 28.51 28.68 20.32 8.35 
Section 4 9.78 10.94 18.75 27.04 27.49 18.80 8.46 
Section 5 8.28 6.01 15.34 25.36 26.07 16.21 9.33 
Section 6 8.80 10.91 18.32 25.51 24.90 17.69 7.72 
Section 7 6.32 8.16 15.47 22.75 20.50 14.64 7.28 
Section 8 3.93 3.97 10.28 16.82 17.09 10.42 6.51 
Average % increase in e 10.33 9.29 16.58 24.15 24.71 
SD of e  (%) 4.64 2.93 3.80 3.91 3.93 
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Figure 3.9: Change in void ratio distribution: (a) Proﬁle I, (b) Proﬁle II, (c) Proﬁle III, (d)
Proﬁle IV, (e) Proﬁle V
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3.5 Shear Band Thickness
The shear band thickness was measured along Sections 2 through 8 for Proﬁles I through
V. The shear band did not cross Section 1 (Figure 3.7). One can easily identify the location
of the shear band from the plot of change in void ratio along a speciﬁc section (e.g., Figure
3.9b). Figure 3.10 shows a close up of the shear band identiﬁed in Figure 3.9b. An average e
values to the left and to the right of the shear band were calculated based on e measurements
outside the shear band. We identiﬁed Left Interface (LI) and Right Interface (RI) bands at
the boundaries of the shear band. They represent transition zones between intensive shearing
within the shear band and low shearing in regions far from the shear band. LI is the distance
between the middle point on the e curve when it exhibits a sharp drop on the left side of the
shear band to the nearest point on e curve that has an e value equals to the average e value
on the left side of the shear band. RI was measured in the same fashion. Referring to Figure
3.10, tp represents the projected thickness of the shear band since CT slices are horizontal.
The shear band thickness (t) was then calculated from tp and the inclination angle (θ) as t
= tp sin θ.
Table 3.5 presents a statistical summary of the thicknesses of the shear band, LI, RI,
and the standard deviation (SD) of t. The normalized value of t with respect to the mean
particle size (d50) is also presented in parenthesis. The t values along Section 8 are relatively
the smallest since it crosses the shear band close to the specimen boundary, which restrains
the growth of the shear band due to proximity of the boundary and the eﬀect of the latex
membrane. The average t values range from 2.4 mm (15d50) to 3.0 mm (18.8d50) with SD in
the range of 0.3 mm (1.9d50) to 0.8 mm (5d50) with exception of Section 8. Such values are
slightly smaller than the values reported by other researchers (16d50 - 20d50) that were cited
in the Introduction. Alshibli and Sture (1999) used digital images of the specimen surface
deformation augmented by optical microscopy to measure t. They found it to be 3.01 mm
(18.8d50) for a specimen tested under similar conditions (specimen F3, Dr = 97%, σ3 = 15
kPa), which agrees with the t values reported in this chapter.
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Figure 3.10: Illustration of procedure used to calculate shear band thickness (LI = left
interface; RI = right interface)
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Table 3.5: Thickness (t) and standard deviation (SD) of shear band in mm
z  
(mm) Section 
Profile Average Value of 
I 
 
II 
 
III 
 
IV 
 
V 
 
t 
 
SD of t 
(t/d50) 
LI 
(t/d50) 
RI 
(t/d50) 
139.8 2 2.9 2.9 2.6 3.2 1.9 2.7 (16.9) 0.5 (3.1) 1.1 (6.9) 0.7 (4.4) 
122.0 3 3.6 3.3 2.6 2.8 2.6 3.0 (18.8) 0.3 (1.9) 0.9 (5.6) 1.0 (6.3) 
104.2 4 2.0 2.1 1.9 3.2 2.7 2.4 (15) 0.5 (3.1) 1.0 (6.3) 0.9 (5.6) 
86.4 5 3.4 4.1 3.6 3.2 2.4 3.4 (21.3) 0.6 (3.8) 0.6 (3.8) 0.4 (2.5) 
68.6 6 3.0 2.7 3.0 2.3 2.2 2.7 (16.9) 0.3 (1.9) 1.3 (8.1) 1.1 (6.9) 
50.8 7 4.0 2.9 3.1 2.3 2.7 3.0 (18.8) 0.3 (1.9) 0.8 (5) 0.7 (4.4) 
33.0 8 2.0 3.0 1.2 1.8 1.4 1.9 (11.9) 0.7 (4.4) 1.2 (7.5) 1.2 (7.5) 
Average t, mm 
(t/d50) 
3.0 
(18.8) 
3.0 
(18.8) 
2.6 
(16.3) 
2.7 
(16.9) 
2.3 
(14.4)     
  
SD of t, mm 0.8 0.6 0.8 0.6 0.5     
 
The average thicknesses of the left (LI) and right (RI) interfaces are in the range of 0.4
mm (2.5d50) to 1.3 mm (8.1d50), which represents approximately 10% to 43% of t. Such
variation in t, LI and RI values is not unexpected since the particle size of F-75 sand varies
from 0.075 mm to 0.42 mm. As a result, interlocking between particles of diﬀerent sizes at
the shear surface results in large variations in measurements. Table 3.6 lists a statistical
summary of the peak void ratio within the shear band (epeak) and average e within LI and
RI. Relatively high epeak was observed within the shear band especially for Proﬁle III, which
was taken at the middle of the specimen.
3.6 Conclusions
X-ray computed tomography was successfully used to investigate spatial variation of void
ratio and shear band thickness. A cross sectional variation in void ratio was detected where
regions close to the boundaries had higher density than the central part of the specimen.
There were no signiﬁcant changes in void ratio down the vertical axis of the specimen before
shearing. An average increase in void ratio value as high as 24.71% occurred during shearing
(Proﬁle V) with standard deviation of measured values ranging from 2.93% to 9.33% ranges.
The void ratio within the shear band is the highest along any of the proﬁles or sections.
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Table 3.6: Maximum void ratio within shear band (epeak) and average void within LI and RI
z 
(mm) Section 
Within shear band Average e 
within Profile Average
epeak 
 
SD of 
epeak 
 
I 
 
II 
 
III 
 
IV 
 
V 
 
LI RI 
139.8 2 0.591 0.721 0.786 0.757 0.650 0.701 0.052 0.647 0.645 
122.0 3 0.618 0.711 0.792 0.776 0.683 0.716 0.046 0.673 0.668 
104.2 4 0.605 0.705 0.75 0.752 0.728 0.708 0.022 0.662 0.645 
86.4 5 0.584 0.700 0.711 0.732 0.702 0.686 0.017 0.632 0.625 
68.6 6 0.579 0.695 0.736 0.735 0.694 0.688 0.024 0.636 0.633 
50.8 7 0.550 0.671 0.720 0.674 0.684 0.660 0.023 0.629 0.637 
33.0 8 0.545 0.635 0.708 0.707 0.689 0.657 0.032 0.604 0.598 
Average epeak 0.582 0.691 0.743 0.733 0.690      
SD of epeak 0.027 0.029 0.034 0.034 0.023     
 
Relatively high peak void ratio was observed within the shear band, which was caused by
high dilation rate within the shear band. The average thickness of the shear band ranged
from 2.4 mm (15d50) to 3.0 mm (18.8d50) with standard deviations of 0.3 mm (1.9d50) to 0.8
mm (5d50). Transition left interface and right interface zones are identiﬁed adjacent to the
shear band. They have an average thickness of 0.4 mm (2.5d50) to 1.3 mm (8.1d50), which
represent approximately 10% to 43% of the thickness of the shear band.
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CHAPTER 4
EXPERIMENTAL ASSESSMENT OF 3D
PARTICLE-TO-PARTICLE INTERACTION WITHIN
SHEARED SAND USING SYNCHROTRON
MICROTOMOGRAPHY
4.1 Introduction
When a mass of soil is sheared, deformations typically localize into zones of inten-
sive shearing known as shear bands, which can be manifested in the Axisymmetric Triaxial
Compression (ATC), Plane Strain (PS) Compression tests as well as extension tests. Ex-
perimental observation concerning shear banding has been commonly performed using PS
loading condition (e.g., Finno et al., 1997; Oda et al., 1997; Alshibli et al., 2003b) and ATC
(e.g., Desrues and Chambon, 2002; Lenoir et al., 2003, Viggiani et al., 2004). It is well
documented in the literature that when a specimen is loaded under PS condition, it fails
along a well deﬁned single of multiple shear bands depending on the boundary conditions
(e.g., Han and Drescher, 1993; Alshibli and Sture, 2000) whereas failure is characterized by
a more complex pattern of shear bands for specimens tested under ATC loading condition
(e.g., Desrues et al., 1996; Alshibli et al., 2003a). Characterization of shear band properties
was investigated by many researchers (e.g., Roscoe, 1970; Bardet et al., 1992; Vardoulakis
et al., 1995; Oda and Kazama, 1998; Viggiani et al., 2004). Soil structure (fabric), particles’
interaction, loading mode, and boundary conditions play a major role to the overall consti-
tutive behavior and the associated mode of failure in soils. Experimental, analytical, and
numerical approaches have been employed by many researchers to provide predictions for
failure modes of soils. Nonetheless, there are still many questions unanswered.
Most of the investigations concerning the shear band phenomenon focused on predict-
ing the inclination of the shear band and comparing it with the classical Mohr-Coulomb and
Roscoe (1970) solutions. Fewer studies were extended to describe the internal structure of
the shear band. This may be due to the lack of instruments that are capable of visualizing
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the shear band at the microscopic level and the lack of the computational tools that can pro-
vide quantitative measurements. In addition, classical non-local continuum theories of soil
plasticity fail to predict shear band thickness, because they do not include internal length
parameters and hence become ill-posed in the post-bifurcation regime where ellipticity is
lost. Experimental measurement assisted with visualization/imaging techniques and compu-
tational tools are very powerful in grasping a reasonable understanding of the fundamental
process involved in strain localization phenomena, and oﬀer the best approach to provide
key measurements to calibrate theoretical and numerical models.Imaging techniques such as
optical microscopy, x-ray radiography, and x-ray Computed Tomography (CT) have been
used to visualize and characterize properties of shear bands (e.g., Vardoulakis and Graf,
1985; Alshibli and Sture, 1999, 2000; Chang et al., 2003; Viggiani et al., 2004; Oda et al.,
2004; Batiste et al., 2004). Nevertheless, synchrotron x-ray CT has emerged as a powerful
non-destructive scanning technique that can produce a high-resolution 3D of scanned objects
(e.g., Matsushima et al., 2006).
This chapter presents a thorough 3D characterization of particles’ interaction within
sheared sand by means of visualizing and quantifying the spatial variation of void ratio,
particle contacts, and particle orientation within and outside the shear band. High-resolution
images were acquired using synchrotron microtomography in regions within and outside the
shear band of a plane strain specimen. This chapter focuses on void ratio variation and
particle interaction/orientation.
4.2 Experiment
A plane strain compression experiment was conducted on a prismatic sand specimen
that measures 57 mm wide x 121 mm long x 180 mm high. The specimen was prepared
by raining the sand (air pluviation) from a height of 750 mm above the mid-height of the
specimen into a special mold (refer to Al-Shibli et al., 1996 for more information about
the air pluviation technique). Natural silica sand known as F-75 Ottawa sand was used to
47
prepare the specimen. The specimen had an initial dry bulk density of 1.72 g/cm3, which
corresponds to a relative density of 83.4% and an initial average void ratio of 0.539.
The specimen was assembled and tested using the Louisiana Plane Strain Apparatus
(Alshibli et al., 2004). The conﬁning pressure (σ3) was kept constant at 30 kPa during the
experiment. The specimen was subjected to a deviatoric loading in the axial direction (σ1)
at a constant displacement rate of 0.5 mm/minute. The top end-platen was rigidly attached
to an alignment or H-guide frame that has four linear bearings to provide smooth movement
along the guide rods in the axial direction. The linear bearings also prevent tilting of the
top end-platen, which is critical to ensure unbiased boundary conditions. The bottom end-
platen is free to slide in the lateral direction to enable a free development and growth of
the shear band. The test was terminated at 5% nominal axial strain. Figure 4.1 shows the
axial strain versus deviatoric stress and axial strain versus volumetric strain relationships.
A single shear band was visible at the end of the test with an inclination angle of 65o with
respect to the direction of the minor principal stress (Figure 4.2).
The specimen was prepared for stabilization to preserve its internal structure in prepa-
ration for further testing and analysis immediately after the compression test. The specimen
along with the top and bottom end-platens was carefully removed from the plane strain
apparatus and placed inside a special mold while was held under vacuum applied to the pore
space. During the transitional phase from the water conﬁnement of the test cell to vacuum
applied to the pore space, both vacuum and conﬁning pressure were gradually adjusted such
that the specimen was maintained under the same σ3 level. The space around the specimen
inside the mold was ﬁlled with plaster of Paris to keep the specimen restrained from defor-
mation. Then, the specimen was slowly impregnated with a very low viscosity resin from
bottom to the top until full saturation. More information about the specimen stabilization
procedure and resin composition are referred to Alshibli and Sture (1999).
Cylindrical sub-sample cores were cut out from the stabilized specimen in preparation
for scanning. The cores have a diameter of 8 mm and a height of 50 mm (Figure 4.3). They
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Figure 4.1: Nominal axial strain versus deviatoric stress and nominal axial strain versus
volumetric strain relationships for PS specimen
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Figure 4.2: Photograph of PS specimen after failure
were taken at certain locations crossing the shear band and at regions outside the shear
band. Only cores in Block A did not intercept the shear band. A total of 16 cores were cut
out of the PS specimen in preparation for scanning.
4.3 Synchrotron Microtomography Scanning
The x-ray CT system acquires the 3D image of the scanned object where the entire object
is projected onto the detector and the x-rays attenuation data are collected by detectors
simultaneously creating a cross-sectional slice image. During the scanning process, some of
the x-ray energy is attenuated while other is transmitted through the scanned object. The
amount of transmitted energy depends on the density and the characteristics (i.e., element,
energy, and density) of the scanned object. X-ray CT systems are capable of scanning
materials with resolutions ranging from hundred microns per voxel down to few microns per
voxel depending on the specimen size and detector resolution.
The Synchrotron X-ray Micro Tomographic (SMT) System produces an intense, monochro-
matic, continuous, highly collimated beam of hard x-ray with energy ranges from 10 eV to
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nearly 100 keV. It can produce an image with a resolution as high as 2 µm/voxel. During
the scanning, the transmitted x-ray beam is converted to a visible light by a scintillator and
recorded by an optical Charge Coupled Device (CCD) camera system. The light captured by
the camera is the image projection of the sample at one angle. Thus, to acquire a complete
cross-sectional slice of the sample, projections were taken at small angle increments ranging
from 0o to 180o. Figure 2.2 shows a schematic of the SMT scanning set up.
The SMT scans were performed at the Advanced Photon Source (APS), GSECARS
Sector 13 of the Argonne National Laboratory, Illinois, USA. A parallel x-ray beam with
energy of 27 keV was used to acquire the scans, which gave a good phase contrast between
sand particles and the void space. The voxel size of images was 15.06 µm at which sand
particles were visible by the naked eye. Algorithms were developed using the Interactive
Data Language (IDL) software to reconstruct the image projections, build 3D renderings,
and further processing and analyses.
4.4 Image Segmentation
Reconstructed 3D images from the SMT system contain noise, which may cause diﬃcul-
ties in segmenting/separating the two phases (i.e., particles and void space). Using a certain
threshold value in segmenting the image might produces misclassiﬁcation errors proportional
to the percentage of overlapping values common to the two univariate populations (Oh and
Lindquist, 1999). Indicator Kriging method (Oh and Lindquist, 1999) was used to segment
the images in this chapter. A program in Fortran was written to implement the Indicator
Kriging method (Bhattad and Thompson, 2009). As a result, voxels were assigned either 1
or 0 value to particles and voids, respectively. However, the images still contained residual
noises in forms of ’islands’ (voxels belong to particles trapped within void voxels) and ’holes’
(noise voxels belong to voids trapped within particles). The islands and holes are usually
isolated (stay unconnected) from their groups and are relatively very small in size. After
removing islands and holes, the images were visually compared with the raw image. Several
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Figure 4.4: Segmented sub-volume image of F-75 Ottawa sand
trials were performed to obtain good results. Figure 4.4 shows a segmented 3 mm cubical
sub-volume of a sample scan image.
4.5 Spatial Variation of Void Ratio and Shear Band Thickness
Spatial variation of the void ratio (e) represents the distribution map and histogram of
e within the specimen. Such information is useful in calibrating constitutive models that
deal with assessing the inﬂuence of specimen heterogeneity on the onset of strain localization
(e.g., Alsaleh et al., 2006). First, a Representative Elementary Volume (REV) needs to be
identiﬁed in preparation for calculating e. REV is the minimum volume size in the CT image
that represents a physical property of the material (i.e., void ratio in this case). It is the
smallest volume size that yields a constant e value, which was calculated by dividing the
number of voxels belonging to voids by the number of voxels that represent particles. Six
locations were randomly chosen inside the segmented SMT images. For each location, e was
calculated for several volume sizes ranging from cubes with a side length (s) of 0.03 mm to
2.26 mm (the volume size increases by s3). Figure 4.5 depicts the relationship between e and
53
0 0.5 1 1.5 2 2.5
Side Length (mm)
0
0.5
1
1.5
V
oi
d 
R
at
io
Location 1
Location 2
Location 3
Location 4
Location 5
Location 6
Figure 4.5: Void ratio versus volume side length
the volume side length for the six locations, which shows that e value stabilizes when the
side length is about 0.5 mm. Thus, an REV that measures 0.5 x 0.5 x 0.5 mm3 or equivalent
to 3.1d50 x 3.1d50 x 3.1d50 was used to quantify the spatial variation of e.
The chapter presents an example of spatial variation of e for an axial proﬁle and a cross
section. A proﬁle and a cross section with thicknesses of 0.5 mm (one REV) were chosen
from the scan of core B1 (Block B, core #1). Referring to Figure 4.6, the proﬁle and the
cross section are labeled as ABCD and abcd , respectively, and Figure 4.6b and 4.6c show
the corresponding CT images. The shear band is visible by a naked eye as the darker region
within the CT images. The proﬁle was then sub-divided into 16 REV wide and 85 REV high
and the cross section was divided into 16 REV wide and 16 REV long. Figure 74.6 and 74.6
display the maps of spatial variation of e within the section and the proﬁle, respectively.
Darker pixels represent smaller e and vice versa. The shear band has a higher void ratio
that can be easily identiﬁed, which is due to intensive shearing between particles that causes
dilation and hence an increase in e.
The thickness of the shear band was measured using the method proposed by Alshibli
and Hasan (2008). Figure 4.7 shows an example close up of the shear band identiﬁed in
54
   
 
 
   
E F 
A B 
D C D C 
B A 8 mm 
 
A B 
C D 
a 
b c 
d 
a 
b c 
d a 
b c 
d 
50 mm 0.4
1.2
0.8
0.6
1.0
(a)
(b) (c) (d) (e)
Figure 4.6: (a) Schematic of a proﬁle and a section; (b) Segmented cross section abcd; (c)
Segmented proﬁle ABCD; (d) Void ratio map of abcd; (e) Void ratio map of ABCD
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Figure 4.6e along proﬁle EF. Average e values to the left and to the right of the shear band
were calculated based on average measurements outside the shear band on both sides. Left
Interface (LI) and Right Interface (RI) represent transition zones between intensive shearing
within the shear band and low shearing in regions far from the shear band. LI is the distance
between the mid-point on e curve when it exhibits a sharp drop on the left side of the shear
band to the nearest point on e curve that has an e value equals to the average value on the
left side of the shear band. RI was measured in the same fashion. Referring to Figure 4.7,
tp represents the projected thickness of the shear band since the proﬁle is horizontal. The
shear band thickness (t) was then calculated from tp and the inclination angle (θ) as t =
tp sin θ. The thickness of the shear band (t) equals to 2 mm (12.5 d50, where d50 is the
mean particle size). From Figure 8, LI and RI measure 0.3 mm (1.9 d50) and 0.7 mm (4.4
d50), respectively. Previous calculation reported that t ranged from 1.9 mm to 3.0 mm with
standard deviations of 0.3 mm to 0.8 mm. and LI and RI values ranging from 0.4 mm to
1.3 mm, which are approximately equivalent to 10% to 43% of t. Although the scans of this
chapter have a resolution of 15.06 µm/voxel, which is much higher than the previous scans,
the measurement of t, LI, and RI have an excellent agreement with each other.
4.6 Particle Identification and Measurements
Thompson et al. (2006) developed a computer program that can calculate 3D properties
of particles such as (i) particle identiﬁcation number; (ii) particle location in Cartesian
coordinates, which represents the coordinates of the center of largest sphere inscribed inside
the particle; (iii) particle volume (Vs); (iv) Particle Inscribed Radius (PIR): the radius
of largest sphere inscribed inside the particle. It represents the particle shortest axis; (v)
particle major axis: the longest axis of the particle; (vi) Aspect Ratio (AR = length of
major axis/2PIR); and (vii) coordination number: the number of particles in contact with
a speciﬁc particle.
One of the indicators whether the program is capable of identifying particles and their
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properties is by calibrating the result with the laboratory measurements. The particle-size
distribution was calculated based on the scanned images by analyzing a sub-volume that
measures 3 mm × 3 mm × 3 mm (200 voxel)3. The approximate particle diameter equivalent
to the sieve analysis (deffective) was calculated as the average of the particle major axis and
the shortest axis (2PIR), which can be expressed as:
deffective = PIR (1 + AR) (4.1)
The weight of each particle (W) was calculated as:
W = VsGsγw (4.2)
Where Gs and γw are the speciﬁc gravity of solids (2.65) and the unit weight of water,
respectively. A total of 5857 particles were successfully identiﬁed within the analyzed sub-
volume and the percentage ﬁner than 600, 425, 300, 214, 150, 106, 75, and 50 µm were
calculated. Figure 4.8 shows a comparison between the particle size analysis based of CT
images and the sieve analysis of F-75 Ottawa sand. It shows an excellent agreement, which
proves that the software can accurately quantify properties of particles.
4.7 Particle Contacts
Particle contacts or coordination number herein refers to the number of particles that
are in contact with a speciﬁc particle. It is an indicator of particles’ association with each
other and one of the measurements that deﬁne the structure (fabric) of granular materials.
It inﬂuences the overall shearing resistance of granular materials. More particle contacts cor-
relate with higher interlocking and shearing resistance. Discrete element method to model
the behavior of granular materials deals with identifying contacts between particles, their
evolution during shearing, and quantifying the normal and shear forces transmitted at par-
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ticle contacts. The 3D experimental measurements of this chapter can be very useful in
calibrating discrete element and micromechanics models of granular materials.
A sub-volume containing the shear band was extracted from Proﬁle ABCD (section efgh
in Figure 4.9a) and analyzed to determine particle contacts. Section efgh was divided into
11 REV wide and 40 REV high. The average particle contact was calculated for each REV.
Figure 10c depicts the map of the average particle contacts, which clearly shows that there
is less particle contacts inside shear band compared to particles outside shear band.
The maps of e distribution and the average particle contacts look similar, which indi-
cate that they correlate well with each other. To further investigate such correlations, the
frequency distributions of e and average particle contacts are generated and displayed in
Figure 4.10a and 4.10b, respectively. Both histograms ﬁt a Gaussian distribution. The e
histogram is skewed to the right side (i.e., the higher void ratio). This might be due to the
fact that the lower bound of e is limited by the minimum void ratio (emin) for F-75 sand and
e spreads more to the right side of the mean e value. Unlike the e histogram, the average
particle contact histogram is skewed to the left side (i.e., lower average particle contacts)
because the higher void ratio resulted in a smaller number of particle contacts producing a
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Figure 4.9: (a) Segmented CT image ABCD; (b) CT image of sub-volume abcd; (c)
average particle contacts within sub-volume abcd
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’mirror-image’ histogram of the void ratio histogram. Figure 4.10c shows the relationship
between e and the average particle contacts, which indicates a clear trend of an increase
in the number of particle contacts as e decreases.These measurements are extracted from
three cores located within blocks A, C and D. The average e value is 0.559 with a standard
deviation of 0.1032. The average particle contacts number is 10.57 with a standard deviation
of 1.146.
4.8 Particle Orientation Angle
Particles’ orientation within the shear band was qualitatively described by Hasan et al.
(2008). Figure 4.11a depicts an enhanced CT image where certain particles were darkened
by post-CT image editing, and two lines were drawn to identify shear band boundaries. In
this chapter, particles’ orientation within and outside shear band were quantiﬁed. Three
sub-volumes within the shear band were extracted from CT images of cores B1, C2, and D3.
Similarly, three sub-volumes outside the shear band were extracted from CT images of cores
A2, B1 and C2. Figure 4.11 shows a schematic of the locations of the analyzed sub-volumes.
Orientation angles α, β and λ are the direction cosines (i.e., projection angles) of the particle
major axis on x, y, and z axes, respectively(Figure 4.11d).
All analyzed cores exhibit similar statistical distributions of orientation angles. Figure
4.13 displays the statistical distribution of α, β and λ for core C as a representative case.The
histograms of α and β for particles outside shear band (Figure 4.13a and b) have normal
distributions with an average value of 90o with values spreading from 0o to 180o, which
indicate that particles are randomly oriented in the x-y plane in regions outside the shear
band. The histogram of λ representing the angle with the z-axis (the direction of loading)
outside the shear band (Figure 4.13c) has a slightly diﬀerent distribution with preferred
angles of 30o to 60o indicating a preferred direction of force-chains that developed in the
specimen to resist the applied σ1 before the onset of the shear band. Particles inside the shear
band have diﬀerent orientations where intensive shearing associated with axial loading forces
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Figure 4.10: (a) Frequency histogram of void ratio; (b) Frequency histogram of average
number of particle contacts; (c)void ratio versus average particle contacts
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Figure 4.11: (a) Particles’ orientation inside the shear band is shown by the darkened
particles; (b) Arch-like structures inside the shear band
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Figure 4.12: (a) Location of sub-volume sampling inside and outside shear band; (b)
Cartesian location scheme of sub-volume inside shear band; (c) Cartesian location scheme
of sub-volume outside shear band; (d) deﬁnition of particle orientation angles
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particles to orient more ﬂat in the x-y plane closer to y-direction, which is perpendicular
to the shear band axis(Figure 4.13d, e, and f). It resulted in changing the distribution of
λ to higher angles with an average of about 85o. The intensive shearing within the shear
band causes particle columns to buckle (Oda et al., 2004; Hasan et al., 2008). Before the
peak stress state, particles within the specimen form column-like structures to resist the
external deviatoric stress. The compression in the columns intensiﬁes until peak stress-state
is reached. Then, columns begin to buckle within the shear band, forming inclined columns
with large voids between them. Buckling columns create arch-like linked structures where
two ends of the structure are kept in the direction parallel to the deviatoric stress (Figure
4.11b). This phenomenon can be illustrated as a ﬂexible column with the two ends (outside
the shear band) ﬁxed against rotation and moment (i.e., particle interlocks with surroundings
particles). The translation of the columns depends on the relative movement between the
two specimen parts (upper and lower parts) shearing relative to each other. Hence, buckling
of the column orients particles inside the shear band mostly in the x-y plane. As a column
loses its compression stress due to buckling process, the shearing (friction) takes place at the
face-to-face contact between the particles.
Figure 4.14 shows the combined frequency distributions of particles orientation for all
particles combined together, which is consistent with the statistical distributions of Figure
4.13. The histograms show that the majority of particles inside shear band have α between
110o-150o with respect to x-axis, β between 30o-70o (note that 30o = 180o - 150o and 70o
= 180o - 110o) with respect to y-axis, and λ spreading to a wider range with an average
between 70o and 90o.
4.9 Conclusions
High-resolution 3D images were acquired using SMT. Quantitative analyses of the CT
images focused on assessing the spatial variation of void ratio, particle contacts, and quanti-
fying the orientation of the particles inside and outside shear band. The spatial e maps show
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Figure 4.13: Frequency distributions of particle rotation angles: (a) angle α for Core C2
(outside shear band); (b) angle β for Core C2 (outside shear band); (c) angle λ for Core C2
(outside shear band); (d) angle α for Core C2 (inside shear band); (e) angle β for Core C2
(inside shear band); (e) angle λ for Core C2 (inside shear band)
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Figure 4.14: Frequency distributions of rotation angles for all cores inside and outside shear
band: (a) angle α, (b) angle β, (c) angle λ
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that it decreases inside the shear band. The average particle contacts also decreases inside
the shear band regions as compared to regions outside the shear band. A good correlation
was found between e and average particle contacts. Statistical distribution of particles’ ori-
entation within and outside the shear band were calculated and show that the majority of
particles inside the shear band orient in the x-y plane towards the y-axis, which is perpen-
dicular to the shear band with λ in the range of 70o and 90o. Particles outside shear band
have no preferred orientation in the horizontal plane and form chains with preferred angles
of 30o to 60o from the direction of the applied deviatoric stress.
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CHAPTER 5
EXPERIMENTAL ASSESSMENT OF THREE-DIMENSIONAL
PARTICLE ROTATION IN SHEARED SAND USING
SYNCHROTRON MICROTOMOGRAPHY
5.1 Introduction
The overall deformation characteristic of granular materials is highly inﬂuenced by many
factors such as particles morphological properties, fabric, particle-to-particle interaction,
boundary conditions, loading mode, and external applied loads. Fabric or structure of soils
is deﬁned as the arrangement of particles, particle groups and the associated pore space
(Mitchell and Soga, 2005). It has a profound inﬂuence on engineering properties of soils.
Granular particles transmit forces to adjacent particles and boundaries during shearing which
will result in particles rearrangement and fabric evolution.
Visualization of particles during shearing using synchrotron microtomography imaging
technique (Hasan et al., 2008) revealed that particles slide and rotate/roll. The particles
sliding and rotation/rolling were more pronounced in the regions within shear band than
outside the shear band. Computer simulations (Bardet, 1994) on idealized granular materials
(sphere particles) showed that the particles rotate during compression and aﬀect the shear
strength signiﬁcantly. A more realistic computer simulation on sphere particles (Oda et al.,
1997) by introducing some resistance against free rotation also shows that there is still some
rotations exist especially within the shear zones. Furthermore, Shodja and Nezami (2003)
performed some discrete element simulations on biaxial compression using oval granules and
found that the rolling is an important mechanism during shear. The rolling contacts were
found to be more than the sliding contacts especially for higher intergranular friction angles.
Classical stress dilatancy relationship takes into account sliding mechanism but ig-
nores particles rotation/rolling. Recent constitutive theories (e.g., Tordesillas and Walsh,
2002; Anandarajah, 2004) incorporated particles rotation/rolling factor into the constitutive
strength models. There is a need to validate those models by providing factual data of
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particles orientation/rolling during shear.
The actual granular materials have much more complex and random properties (e.g.,
morphology and mechanical properties) compared to the numerical idealized models. There-
fore, experimentation is an ideal approach to provide actual information about particle slid-
ing and rotations. Experimental approach to describe the fabric of granular materials has
been widely used by many researchers in the past four decades. Early experimental meth-
ods employed tedious, time-consuming, and destructive approaches such as thin-sectioning
and optical microscopy to describe the fabric of granular materials (e.g., Oda, 1972; Frost
and Kuo, 1996; Al-Shibli et al., 1996). X-ray radiography (e.g., Arthur and Dunstan, 1969,
1970; Nemat-Nasser and Okada, 2001), electrical conduction (Anandarajah and Kuganen-
thira, 1995), magnetic resonance imaging (Watkins and Fukushima, 1988; Ng et al., 1997,
2006), laser-aided tomography (e.g., Konagai et al., 1992; Konagai and Rangelow, 1994; Mat-
sushima et al., 2003), and x-ray computed tomography (e.g., Desrues et al., 1996; Chang
et al., 2003; Alshibli and Alramahi, 2006) were also used to quantify granular materials fab-
ric. X-ray Computed Tomography (CT) has emerged as a powerful non-destructive scanning
technique that can produce a three-dimensional (3D) rendering of the scanned object. It is a
technique in which an incident x-ray beam passes through an object collected with an array
of detectors. The object is rotated such that the x-ray beam probes from several angles to
collect attenuation data and produce the equivalent of a cross sectional ’slice’ through the
region of interest. Recently, it was possible to acquire images of meso- and micro-scale prop-
erties of soil fabric using industrial x-ray CT systems (e.g., Chang et al., 2003; Batiste et al.,
2004), microfocus x-ray CT (e.g., Oda et al., 2004), combinations of optical, x-ray CT and
magnetic resonance imaging (Mueth et al., 2000), and synchrotron x-ray microtomography
(Hasan et al., 2008).
Some researchers utilized x-ray CT to conduct qualitative analysis of sheared soils such
as shear banding visualization, but still only few studies extended the analysis to include
quantitative measurements of physical properties and tracking movements of particles. This
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might be due to the lack of image resolution to visualize particles for some x-ray CT sys-
tems. Furthermore, such quantitative analysis requires challenging particle identiﬁcation
techniques and superior computational power. For example, Chang et al. (2003) developed
algorithms to track the movement of glass beads at diﬀerent loading stages from 3D CT im-
ages. They embedded a steel ball in the mix of the glass beads, which served as a reference
point to track relative locations of the other beads. Similarly, Alshibli and Alramahi (2006)
tracked the interaction of spherical plastic particle in a cylindrical triaxial specimen at dif-
ferent axial strain increments. The particles have holes, which helped to track the relative
movement, rotation, and interaction between particles. The data were then used to calculate
particles rotation and local strains at the particle-to-particle microscopic level during shear.
Thompson et al. (2006) developed a computer code to extract morphological properties
of particulate materials from high-resolution CT images. It reconstructs the image of gran-
ular materials from a high-resolution binary volume data and extracts particle size, particle
aspect ratios, surface areas, etc.
This chapter presents a quantitative analysis of sand particles fabric evolution during
shearing of an axisymmetric sand specimen. The computer code of Thompson et al. (2006)
was used to reconstruct particles at diﬀerent axial strain levels form SMT images. We
developed special algorithms using the Interactive Data Language (IDL) to calculate the
orientation of each particle. The analysis focuses on comparing the behavior of particles
within and outside the shear band during shear.
5.2 Experiments
A miniature triaxial apparatus was especially fabricated to conduct the in situ ax-
isymmetric triaxial experiment (Figure 5.1). The specimen must be small to increase the
resolution of the CT scans. Also, the apparatus must be light in weight to enable mounting
it on the stage of the CT scanner and must rotate freely to acquire the CT scans. The
triaxial cell was mounted on the CT scanner stage using a clamping chuck via a pin attached
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Figure 5.1: Photo of the miniature triaxial apparatus
to the base of the cell. The miniature triaxial apparatus system has similar capabilities as
the conventional triaxial cell except that the specimen is conﬁned using vacuum. It consists
of a stepper motor to drive the loading ram at a constant displacement rate, a load cell
located inside the test cell, a cylindrical acrylic chamber, two endplates, top and base plates,
a latex membrane, and a tubing line to connect the specimen to the vacuum. The motor
was powered by 12 volts electricity and automatically controlled by a computer. A data
acquisition card acquired the signal from load cell with an interface to the computer.
The specimen is cylindrical in shape which measures 9.5 mm in diameter and 20 mm
in height. To prepare the specimen, the latex membrane was secured around the bottom
endplate using an o-ring and stretched around the inside of aluminum split mold. Vacuum
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was applied to the interface of the membrane-mold to align the membrane along the mold
inside wall. F-75 Ottawa sand was used to prepare the specimen. It is natural uniform
silica sand that was mined from Ottawa, Illinois, USA and marketed by the American Silica
Company. It has a mean particle size of 0.16 mm and speciﬁc gravity of solid particles of
2.65. After ﬁlling the mold with sand, the top endplate was attached to the specimen; the
membrane was stretched around the endplate and was secured using o-rings. The vacuum
line was switched to the specimen pore space and regulated at 58 kPa conﬁning pressure
(σ3). The other components of the cell were assembled and it was clamped to the stage
of the CT scanner. The specimen has a relative density of 90% (dry bulk density of 1.75
g/cm3). It was compressed at a displacement rate of 0.2 mm/min. Loading was paused at
0%, 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, and 17.5% nominal axial strain (σ1) to acquire the
SMT scans. It took approximately 2 hours to acquire each scan.
5.3 Synchrotron Microtomography Scanning
The CT scans were acquired using sector 13-BMD synchrotron microtomography beam-
line at the Advanced Photon Source (APS), of the Argonne National Laboratory (ANL),
Illinois, USA. The synchrotron facility produces intense, monochromatic, continuous, highly
collimated beams of hard x-ray with energy ranges from 10 eV to nearly 100 keV. Hence, it
is capable of yielding high resolution 3D images. Throughout scanning, x-ray beam strikes
and penetrates the scanning object (i.e., specimen). Some of the x-ray energy is attenuated
by the specimen and some x-ray energy is transmitted through the specimen. The transmit-
ted x-ray beam is converted to a visible light by a scintillator and captured by an optical
Charged Coupled Device (CCD) camera system. The light captured by the camera is basi-
cally an image projection of the specimen at one angle. In order to reconstruct a complete
scan, several image projections of the sample were taken at diﬀerent angles from 0o to 360o.
Figure 5.2 shows a schematic of the SMT scanning set up.
An x-ray beam with energy of 33 keV was used to scan the specimen, which produced a
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Figure 5.2: Schematic of SMT setup
good contrast between sand particles and the void space. The voxel size of images was 10.26
µm at which individual sand particles were clearly seen by eye. Due to the limited ﬁeld of
view, the specimen was scanned into ﬁve sections. One thousand two hundreds of image
projections were collected to reconstruct an image of each section of the specimen. The
sectional images were stacked together to construct a complete 3D rendering. Algorithms
were developed using the Interactive Data Language (IDL) software to reconstruct the image
projections, to build 3D renderings, and to further process the image data.
5.4 Stress-Strain and Volumetric Strain Behavior
Eight scans were acquired at nominal axial strains of 0%, 2.5%, 5%, 7.5%, 10%, 12.5%,
15% and 17.5%. Figure 5.3a depicts the principal stress ratio (PSR = σ1/σ3) versus 	1. Note
that, the vertical pressure (σ1) was calculated by dividing vertical load with the specimen
corrected area. The behavior depicts a gradual increase in PSR to a peak value followed
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by a softening, which gradually leads to the critical state condition. The peak PSR value
corresponds to 5% nominal axial strain. Figure 5.3a also shows few sudden drops in PSR
due to relaxation during load pausing for the scanning.
The miniature triaxial apparatus does not provide continuous measurements of volumet-
ric change since vacuum was used to apply the conﬁnement to the specimen. The volume
change was calculated using the acquired 3D SMT images at every scanning stage. The
SMT sectional images volumes were estimated by calculating their cross sectional areas and
multiplying them by their height. An IDL algorithm was developed to detect the edge of the
specimen cross sections. Voxels lie outside the specimen were assigned values of 0, whereas
voxels within the specimen were assigned values of 1. The cross sectional areas were calcu-
lated by counting the total number of voxels that have value of 1 and converting it to mm
using the image spatial scale (10.26 µm/voxel).
The volumetric strain at any 	1 is predicted by a ’spline’ cubic interpolation function.
It is used to correct the specimen cross sectional area. Figure 5.3b displays volumetric strain
(	p) versus 	1 of the specimen which depicts a small initial contractive response followed
by dilation (expansion) which diminishes when 	1 =12.5%. The contractive and dilative
responses are typical characteristic of a dense specimen sheared at relatively low conﬁning
pressure. Figure 5.4 shows an example central axial proﬁle of the specimen at 	1= 17.5%.
The shear band was visible from the CT images of 7.5% axial strain and has an inclination
angle of 60o with respect to the direction of σ3 (y-axis).
5.5 Particles Identification
SMT scans show constituent materials based on their density. The constituent materials
in this case are sand particles and air voids. In order to extract physical measurements of
particles, the images need to be segmented. The segmenting herein refers to a process of
assigning two diﬀerent values for the voxels that belong to the particles and the voids. The
SMT images may also contain noises and artifacts due to the sensitivity of the imaging
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Figure 5.4: (a) Example Axial CT image of specimen at 17.5% axial strain, (b) schematic
of shear band orientation
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system, which may cause diﬃculties in segmenting and further processing of the acquired
scans. Using a certain threshold value in segmenting, the image may produce misclassiﬁcation
errors proportional to the percentage of overlapping values common to the two univariate
populations (Oh and Lindquist, 1999). Indicator Kriging method (Oh and Lindquist, 1999)
was used to segment the SMT images. A program in Fortran was written to implement the
Indicator Kriging method (Bhattad and Thompson, 2009). Indicator Kriging method helps
in assigning overlapping values between the two populations by a thresholding window on
the image intensity histogram. As a result, images were assigned two values 1 and 0 for
the particles and voids, respectively. Indicator kriging method gave satisfactory segmented
images. After employing indicator kriging, the images may still contain residual noises in
forms of ’islands’ (noise voxels belong to particles trapped within voids) and ’holes’ (noise
voxels belong to voids trapped within particles). The islands and holes are usually isolated
(unconnected) from other voxels and are relatively small in size so that they can be easily
removed by a ﬁltering technique. After removing islands and holes, the images were visually
compared with the raw image to assess the eﬀectiveness of ﬁltering. Several trials were
performed to obtain satisfactory results based on visual judgment.
The number of voxels contained within particles image determines the quality of mea-
surements. The more voxels contained within a particle helps to extract more accurate
information, especially in a dense particles assembly/packing. It can be measured by a ratio
of d50 and voxel size. In this paper the ratio is 16, which means there are 16 voxels lie across
the diameter of an averaged size particle. The computer code of Thompson et al. (2006)
was used to quantify and extract physical particle measurements. The analysis was used to
provide the following measurements: particle identiﬁcation number, xyz location of particle
centroid which is deﬁned as the center of the maximum sized sphere that can be inscribed
inside the particle, particle inscribed radius (PIR) which can be regarded as the radius of the
particle, volume (v), and surface area. In addition, an Interactive Data Language Program
(IDL) algorithm was made to measure the orientation of each particle by calculating their
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Figure 5.5: (a) Locations of tracked particles; (b) deﬁnition of rotation angles
major axis, which is represented as i, j, k unit vectors. The unit vector of major axis was
computed by performing three dimensional (3D) regression analysis of each particle. The
concept is based on minimizing the sum of the squares of the distances from the major axis
(unknown) to each voxel within the particle.
A group of particles within and outside shear band were tracked and analyzed (Figure
5.5). They were randomly chosen at the initial stage (before compression/shearing). Then,
the same particles were tracked in the subsequent shearing stages. The displacement ﬁelds
(∆x, ∆y, and ∆z), and horizontal and vertical rotations (∆κ and ∆λ) were calculated as
follows:
∆x = xn − x0 (5.1)
∆y = yn − y0 (5.2)
∆z = zn − z0 (5.3)
∆κ = κn − x0 (5.4)
∆λ = λn − x0 (5.5)
where, subscript n denotes the coordinate at the n-th strain stage and subscript 0 denoted
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the coordinate at the initial stage (i.e., 	1 = 0%). The rotation of each particle was calculated
based on the orientation of the particle major axis. Angles κ and λ deﬁne the orientation
with respect to the z-axis and x-y plane, respectively (Figure 5.5b). Although we have
data to calculate the three rotation angles with respect to the three Cartesian axes for each
particle, we think two rotation angles can fully describe the rotation of particles since the
x-y plane represents the axisymmetric plane in triaxial testing.
Figure 5.6 shows the visualization of the evolution of the tracked particles displacements
and rotations within and outside shear band. They are displayed in y-z plane with the ﬁgure
frames used as reference for particles location. Note that, there are some particles that might
exist between these particles, but they were not selected to be shown.
There are two primary mechanisms of plastic deformation are visualized here: inter-
particles sliding and interparticles rotation/rolling. Particles within the shear band exhibit
signiﬁcant sliding as the test continued due to the intensive shearing within the shear band.
The particles slide all together globally as well as slide relative to each other. Globally, all
particles within the shear band moved downward inclined parallel to the shear band inclina-
tion angle. To some extent, some particles lose their interlocking. Hence, loosing interlocking
allows them to slide/shear (either face to face or face to edge) with their neighborhood parti-
cles. On the other hand, particles outside shear band show insigniﬁcant sliding. The particles
stay in place and show insigniﬁcant global movement.
Some particles within the shear band show signiﬁcant rotation/rolling while sliding.
They exhibit rotation in a continuous and an oscillating mode either in the horizontal and
vertical direction. The particle rotation/rolling is initiated by the collapse of particles in-
terlocking and causes particles to receive a force couple (oppositely directed forces acting
simultaneously on opposite sides of an axis of rotation). Since the translatory forces (forces
that produce linear motion) cancel out each other, a force couple produces torque/ rotational
force.
Based on the visualization of the tracked particles, it is likely that collapse of inter-
80
ε  = 0%1 ε  = 2.5%1 ε  = 5%1 ε  = 7.5%1
ε  = 10%1 ε  = 17.5%1ε  = 12.5%1 ε  = 15%1
(a) Within the shear band
ε  = 0%1 ε  = 2.5%1 ε  = 5%1 ε  = 7.5%1
ε  = 10%1 ε  = 17.5%1ε  = 12.5%1 ε  = 15%1
(b) Outside the shear band
Figure 5.6: Illustrative example of particles evolution during shear
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Figure 5.7: Illustrative example of rotation mechanism (a) four particles in equilibrium; (b)
separation of particle C causing particle A to rotate/roll
locking was due to the separation of contact particles (reducing number of particle con-
tacts/coordination number), which is associated with the heterogeneity of particles and the
increase of void ratio during shear band development. Figure 5.7a and Figure 5.7b illustrate
the mechanism of separation of particle. Figure 5.7a shows four particles in equilibrium and
particle A is interlocked by particle B, C and D. Figure 5.7b shows particle C detached from
the group causing particle A to rotate/roll. This is in agreement with microelement analysis
on four spheres by Anandarajah (2004). He related the particle sliding and rotation with the
violation or loose in moment of equilibrium. The violation and loose of moment equilibrium
are attributed to the imperfection and heterogeneity (size, elastic properties, etc.) or other
similar form of heterogeneity, which is likely to exist in granular materials. Furthermore,
rotation/rolling still can occur although there no change in stress ratio.
Unlike particles within the shear band, particles outside shear band show insigniﬁcant
rotation. Particles tend to rotate in certain direction as they interlock with neighboring
particles and change the direction of rotation as shearing continues.
Figure 5.8 depicts the displacements in x, y and z direction of the tracked particles
within and outside shear band. The curves show that particles within shear band continue
to slide throughout the test. Little change in curvature is shown for x and y displacements
at 5% axial strain. No change in curvature is shown at 5% axial strain for z displacement
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curve. The x, y and z displacements increase as axial strain increases and the rate decrease
after 12.5% axial strain. At 	1 = 17.5 %, particles slide as far as 1.1 mm (11.6% of specimen
diameter) for x displacement, 0.35 mm (3.7% of specimen diameter) for y displacement,
and 1.1 mm (5.5% of specimen height) for z displacement. On the other hand, particles
outside shear band show much less slide movement when compared to the particle within
shear band. At 	1 = 17.5 %, particles slide as far as 0.07 mm (0.07% of specimen diameter)
for x displacement, 0.05 mm (0.05% of specimen diameter) for y displacement, and 0.1 mm
(0.05% of specimen height) for z displacement. However, the curves show that these particles
experience a small amount of sliding until 5% axial strain. Then the curves become almost
ﬂat and stabilize after 5% axial strain, which implies particles no longer slide. Note that,
the 5% axial strain is the axial strain that correspond to the peak stress state. The curves
demonstrate that before the peak stress state, particles in both locations experience sliding
due to the axial loading. After peak stress state, deformations localize into the shear band
while particles outside the shear band experience little change as shearing continue along
the shear band.
Figure 5.9a and 5.9b depict the horizontal and vertical rotations of particles within and
outside the shear band, respectively. Particles within the shear band exhibit more signiﬁ-
cant rotations (horizontal and vertical) than those outside shear band. Particles within shear
band rotate as high as 158o in horizontal direction and 159o in vertical direction. Particles
within shear band show preferential rotational direction in vertical direction but no prefer-
ential direction in horizontal direction. The majority of them rotate clockwise in vertical
direction. This is in agreement with Modiﬁed Discrete Element Method (MDEM) simulation
by Oda et al. (1997). They found that the particles show preferential rotational direction
using MDEM, while in the conventional DEM the rotation takes place either clockwise or
counterclockwise at the same rate. On the other hand, particles outside shear band rotate as
high as 36o in horizontal direction and 66o in vertical direction. The signiﬁcant rotation takes
place after the peak. This agrees with ﬁnding of Oda and Kazama (1998), which stated that
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Figure 5.8: Displacements of tracked particles (a) within the shear band; (b) outside the
shear band
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Figure 5.9: (a) Horizontal rotations (∆κ) and vertical rotations (∆λ) of tracked particles
within the shear band; (b) horizontal rotations (∆κ) and vertical rotations (∆λ) of tracked
particles outside the shear band
after the peak, particle rotations take place, mostly within shear bands. This is attributed
to the generation of more void space within the shear band caused by dilation which makes
more room for particles rotation.
5.6 Particle Orientation Distribution and Fabric Evolution
Due to the large number of particles within the specimen, the analysis for the orientation
distribution was performed on a representative sub-group of particles. The representative
particles information was extracted from subvolumes of the CT scans. The size of the
subvolume was determined by Representative Elementary Volume (REV) method. REV is
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Figure 5.10: Normalized frequency distribution of vertical orientation angle
the minimum volume size in the CT image that represents a physical property. It serves as
typical parameter of the entire population of particles within the specimen. The parameter
here is the vertical particles angle (λ). Six subvolumes of diﬀerent sizes but the same location
were analyzed. The sizes of the subvolumes are 0.5x0.5x0.5 mm3, 1x1x1 mm3, 1.5x1.5x1.5
mm3, 2x2x2 mm3, 2.5x2.5x2.5 mm3, and 3x3x3 mm3, which have 18 particles, 201 particles,
701 particles, 1851 particles, 3682 particles, 6501 particles, respectively. The distribution of
λ for each subvolume is depicted in Figure 5.10 which shows that as the volume size increases
λ distribution merge into one distribution. As a result 2x2x2 mm3 volume or equivalent to
12.5d50 x 12.5d50 x 12.5d50 was selected as the REV.
Quantitative analysis was made to determine the statistical distributions of particles
orientation within and outside the shear band. Two subvolumes each within and outside the
shear were selected for calculating κ and λ for hundreds of particles. Fabric diagram was
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used to characterize the orientation distribution of the particles from each REV.
Kanatani (1984) used fabric tensor to describe and characterize the directional data
(orientation) of the structure of random packing. Fabric tensor of rank two is used in this
chapter to quantify and characterize the distribution of the orientation by plotting the fabric
orientation diagram. In two dimensions, the data distribution function deﬁnes as follows
according to Kanatani (1984):
f(n) ≈ 1
2π
Fijninj (5.6)
where,
Fij = 4
[
Nij − 1
4
δij
]
(5.7)
Nij = 〈ninj〉 = 1
N
N∑
α=1
n
(α)
i n
(α)
j (5.8)
where, N = total number of the directional data, and
δij = Kronecker delta, and
ni and nj = directional data (orientation angles).
Fij is called the fabric tensor of second kind of rank two and Nij is called the moment
tensor or the fabric tensor of the ﬁrst kind of rank two. Nij is calculated as the average of the
tensor product (moment). The ni and nj are the directional data of the major particle axis
(i.e., unit vector of the particle orientation with [i,j,k] components). In order to compute
the 2D data orientation distribution, we used ni, nj = [i,j] for κ distribution and ni, nj =
[k,
√
i2 + j2] for λ distribution.
The statistical distribution of κ and λ are plotted using the rose diagram for each REV.
The fabric diagram calculated using Equation (5.6) and superimposing on the rose diagram
for particles inside each subvolume (Figure 5.11-5.14).
Figure 5.11 depicts the κ distribution of particles within shear band for the two subvol-
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Figure 5.11: Horizontal particles orientation angle κ within the shear band
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Figure 5.12: Horizontal particles orientation angle κ outside the shear band
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Figure 5.13: Vertical particles orientation angle λ within the shear band
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Figure 5.14: Vertical particles orientation angle λ outside the shear band
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umes at each shearing stage. The shape of the fabric diagrams doesn’t change signiﬁcantly as
shearing continued. However, the rose diagrams show variation in κ distribution. Therefore,
fabric changes the orientation. The change in fabric diagrams is due to the global rotation
of the specimen during compression. The distribution of particles outside the shear band
show similar manner with the particles within the shear band (Figure 5.12).
Figure 5.13 and 5.14 show the distributions of angle λ (angle measured with reference to
vertical axis) for particles within and outside the shear band, respectively. Particles initially
orient themselves parallel to the horizontal plane (λ close to 90o or 270o). This agrees with
Oda and Iwashita (1999) ﬁndings where particles tend to lie on the horizontal plane with
their long axis parallel to it when they are deposited under gravitational force. The shape,
the size and the direction of the fabric diagrams show insigniﬁcant change from one stage
to another for the analyzed subvolumes. It implies that rotation in the vertical direction is
more inhibited than the rotation in horizontal direction.
5.7 Conclusions
Synchrotron Micro Tomography (SMT) Imaging Technique oﬀers an excellent technol-
ogy for quantitative analysis of Granular materials microscopic properties. The SMT imaging
technique was successfully utilized to visualize the evolution of particles sliding and rotations
and to calculate their orientation distributions in 3D space. The following conclusions can
be drawn:
1. Particles tend to lie in the horizontal plane (axisymmetric plane) with the long axes
parallel to the horizontal direction.
2. Particles within and outside shear band region slide during shearing until peak stress
state is reached. Then, only particle within the shear band continue to slide during
the post peak stress regime.
3. Sliding of particles within the shear band is more signiﬁcant than particles outside the
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shear band.
4. Particles within the shear band continue to rotate throughout experiment while parti-
cles outside shear band exhibit insigniﬁcant rotation.
5. SMT images revealed that sliding and rotations mechanism are caused by collapse
of interlocking. It is due to the separation of contact particles (reducing number of
particle contacts/coordination number), which is associated with the heterogeneity of
particles and the increase of void ratio during shear band development.
6. Fabric diagrams show that particles within and outside shear band rotate during com-
pression, which is due to the global rotation of the specimen and individual rotation
of the particles.
7. Vertical particle rotation is more inhibited than horizontal rotations.
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CHAPTER 6
STRENGTH PROPERTIES OF JSC-1A LUNAR REGOLITH
SIMULANT
6.1 Introduction
The exploration program of the lunar surface began with a variety of information col-
lection methods including visual, photographs, thermal, radio and radar measurements. The
ﬁrst estimates of the lunar surface properties were obtained from the landing of unmanned
US Surveyor spacecraft series (Costes et al., 1970). Lunar regolith (soil) samples have been
returned by US Apollo manned missions and by the Soviet unmanned Luna ﬂights. Apollo
11 lunar landing provided the ﬁrst opportunity for collection of data related to physical prop-
erties and strength characteristics of the lunar regolith (Costes et al., 1970). The six Apollo
landing missions provided a huge amount of scientiﬁc data in form of astronaut observations,
photographs, samples, and in situ measurements.
Apollo missions brought back to earth about 381.7 kg of rock and regolith samples
from six diﬀerent landing sites (Carrier et al., 1973). Due to the value of the collected lu-
nar rocks/regolith only small quantities of the lunar regolith was made available to a few
researchers (2-3g/researcher), which eliminated the opportunity of determining its geotech-
nical properties using conventional methods that require relatively large quantities of the
regolith. As a result, a few simulants were developed over the years to closely match the
composition, mineralogy, particle size, cohesion and friction of the lunar regolith. Johnson
Space Center Number One (JSC-1) lunar soil simulant was developed and characterized un-
der the auspices of National Aeronautics and Space Administration (NASA), Johnson Space
Center (McKay et al., 1994). It has been widely used by researchers for many applications
(e.g., Willman et al., 1995; Perkins and Madson, 1996; Klosky et al., 2000).
One of the major goals in the new Vision for Space Exploration of NASA (2004) is to
“extend human presence across the solar system, starting with a human return to the Moon
by the year of 2020, in preparation for human exploration of Mars and other destinations”,
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which re-generated interest in conducting more research about the engineering behavior of
the lunar regolith. Most of the JSC-1 was distributed to researchers and with the new high
demand on the material, NASA awarded a contract to Orbitec company to produce JSC-1A
with the objective to match the composition and particle size distribution of the original JSC-
1 simulant. This chapter presents a thorough experimental program to investigate physical
and strength properties of JSC-1A and compares it with JSC-1 and the lunar regolith. Such
measurements will assess the ﬁdelity of JSC-1A and will enrich the literature about the
engineering behavior of the lunar regolith.
6.2 Physical Properties and Morphology of JSC-1A
JSC-1A approximates a low-titanium mare regolith and contains a high percentage of
glass. It is mined from a volcanic ash deposit in a commercial cinder quarry (the same site
as JSC-1) located in the San Francisco volcano ﬁeld near the Merriam Crater outside of
Flagstaﬀ, Arizona (Orbitec, 2007). According to Orbitec (2007), JSC-1A contains major
crystalline silicate phases of plagioclase, pyroxene and olivine, with minor oxide phases of
Ilmenite and Chromite, and traces of clay.
We measured the speciﬁc gravity of solids (Gs) of JSC-1A using water pycnometer
(ASTM-D854) and found it to be 2.92. McKay et al. (1994) reported Gs value of 2.90 for
JSC-1. Gs of Apollo regolith and rock fragment samples are in the range of 2.9 to 3.4 (Heiken
et al., 1991). The higher Gs values were for rock fragments. The variation of Gs is attributed
to diﬀerent mineralogy of samples collected from diﬀerent sites on the moon surface. The
maximum index density of JSC-1A was measured according to Method A of ASTM-D4253
standard and found to be 2.016 g/cm3, which yields a minimum void ratio (emin) of 0.448 or
a minimum porosity nmin of 0.309. The minimum index density was also determined using
ASTM-D4254 standard procedure and found to be 1.556 g/cm3, which is equivalent to a
maximum void ratio (emax) of 0.877 or a maximum porosity nmax of 0.467. Mitchell et al.
(1972) estimated the change of in situ bulk density of lunar regolith from Apollo 15 core tube
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samples with an average of 1.35 g/cm3 for the top 25 to 35 cm. The bulk density increased
rapidly with depth from 1.35 g/cm3 to 1.85 g/cm3 at a depth of 30 to 60 cm. Mitchell
et al. (1972) also reported in situ bulk density in the range of 1.92 to 2.01 g/cm3 at the soil
mechanics trench (Station 8, near the ALSEP site). Costes et al. (1970) gave upper bound
estimates of the density at two sites based on penetration resistance data from Apollo 11
and 12 landing sites; they are 1.81 to 1.94 g/cm3 for Apollo 11 and 1.81 to 1.84 g/cm3 for
Apollo 12. It was also reported in situ densities of 1.45 to 1.6 g/cm3 for the Apollo 14 core
tube samples (Heiken et al., 1991). Mitchell et al. (1972) reported an excellent literature
review of estimates of lunar regolith densities from diﬀerent missions/estimate sources.
Figure 6.1 shows the results of sieve analysis combined with the hydrometer analysis
(ASTM-D422) of JSC-1A in comparison with the particle size distribution of some of the
Apollo samples. It also shows JSC-1 particle size distributions (McKay et al., 1994; Willman
et al., 1995). The grain-size distribution curve closely matches and lies within the upper and
lower boundaries of data reported from Apollo missions. One can notice that JSC-1A does
not contain particles larger than 2 mm and closely matches Apollo upper boundary for the
portion coarser than 0.20 mm and lies in the middle of the size band for the size fraction
smaller than 0.20 mm.
Scanning Electron Microscopy (SEM) analysis was performed on few samples of JSC-
1A (6.2), which reveal very angular shape with sharp corners and crevices on the surface.
Particles are visually classiﬁed as sub-prismoidal with sub-angular to angular shape according
to Powers (1982) chart. Such particle morphology is expected due to milling process used to
grind JSC-1A. Generally, one can say that JSC-1A particles have good resemblance to the
lunar regolith images reported by Carrier et al. (1973).
6.3 Triaxial Experiments
An axisymmetric Triaxial Compression (TC) test was selected to investigate the shear
strength of JSC-1A since it provides more accurate measurements of soils constitutive be-
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Figure 6.1: Particle size distribution of JSC-1A and some Apollo samples
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  (a) 500x magnification   (b) 1000x magnification 
 
     
  (c) 2000x magnification   (d) 3000x magnification 
 
    
  (e) 2000x magnification    (f) 3000x magnification  
Figure 6.2: SEM images of JSC-1A particles at diﬀerent magniﬁcation levels
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Table 6.1: Summary of test parameters and elastic moduli for TC experiments
Bulk density 
(g/cm3) 
Relative 
Density (Dr) 
σ3f  
(kPa) 
σ1p 
(kPa) 
σ1cs 
(kPa) 
E 
(MPa) 
G 
(MPa) 
ν 
  10 54.3 48 11.1 4.0 0.41 
  20 103.2 92 15.5 5.5 0.42 
1.63 20% 40 195 175.5 20.0 7.0 0.42 
  80 380.3 345 38.9 13.7 0.42 
  200 924.9 830 46.7 16.7 0.40 
  10 133.4 79.0 10.3 3.5 0.47 
  20 204.4 127 27.6 9.5 0.45 
1.88 75% 40 378.0 240 42.1 14.8 0.42 
  80 688.8 442.2 76.6 26.6 0.43 
  200 1457.0 983.8 80.0 27.9 0.43 
 
havior when compared to the direct shear test. It permits independent control of applied
principal stresses and loading path to closely mimic in situ conditions. A series of drained
axisymmetric TC experiments were carried conducted on dry JSC-1A specimens at four
conﬁning pressure (CP or σ3) levels and two packing densities (Table 6.1). The selected
σ3 values cover a wide range from very low (10 kPa) to relatively high (200 kPa) levels,
which will permit investigating the inﬂuence of applied stresses on the constitutive behavior
of JSC-1A. The experiments were conducted at two target dry bulk densities to represent
very loose and dense states. Specimen preparation using air pluviation was not possible
since JSC-1A contains a high percentage of ﬁnes, which will result in particles segregation
and possibly alter particle gradation. The loose specimens have a relative density (Dr) of
20% (bulk dry density of 1.63 g/cm3). They were prepared by pouring the simulant from a
funnel with an opening of 8.8 mm from a drop height of 25 mm. We attempted to prepare
specimens at lower densities; However, we could not get stable specimens at Dr smaller than
20%. The dense specimens (dry bulk density = 1.88 g/cm3, Dr =75%) were prepared by
tamping on the outside of the mold using a rubber mallet while ﬁlling the simulant in the
mold.
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The specimens were prepared in a split mold, which measures 71 mm (2.8 in) in diameter
and 142 mm (5.6 in) in height. A cylindrical latex membrane was attached to the bottom
endplate using an O-ring and the mold was placed around the endplate. The test cell has
enlarged endplates that measure 101.6 mm (4 in.) in diameter with polished Tungsten
carbide facing to minimize the end restraint eﬀects. The membrane was stretched around
the mold and a vacuum of 20 kPa was applied to the mold-membrane interface to draw the
membrane into a smooth right cylindrical shape. When the mold was completely ﬁlled, the
top endplate was attached and secured using an O-ring and a 10 kPa vacuum was applied
to the specimen pore space to enable removing the mold without disturbing the specimen.
The mold was carefully split and the test cell was assembled and ﬁlled with water to apply
σ3. When the test cell was completely assembled, it was placed in the loading frame. The
vacuum inside the specimen was gradually reduced while increasing σ3 until the desired
value was achieved. The vacuum was vented, and then the loading was commenced. Each
specimen was compressed at a constant displacement rate of 0.5 mm/min with unloading-
reloading cycles at 1% and 5% nominal axial strains. Some experiments were conducted
twice for the same test conditions to check repeatability of results.
The use of water to apply σ3 compared to vacuum enables continuous measurement of
specimen volume change, which was calculated from the water elevation diﬀerence between
two vertical burettes. One burette was used to supply pressurized water to apply σ3 while
the second burette was used as a reference with a constant water head. A diﬀerential
pressure transducer (DPT) measures the diﬀerence in water levels at the two burettes. When
the specimen dilates, water will be purged out the test cell and hence the water level will
rise in the burette connected to the cell and vice versa. Consequently, the DPT records
water pressure change between the water levels at the two burettes, which can be easily
converted into volume of water. This approach ensures very accurate (sensitivity is 0.11 cm3)
and continuous recording of volume change of the specimen. A linear variable diﬀerential
transducer (LVDT) and a load cell were used to measure axial displacement and axial load,
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respectively. The cell pressure (σ3) was maintained constant and was monitored by a pressure
transducer.
6.4 Stress-Strain Behavior
The results are presented by displaying the principal stress ratio (PSR = σ1/σ3)versus
nominal axial strain (	a) and nominal volumetric strain (	p = change in volume/ initial
volume) versus nominal axial strain. The volume increase (dilation) is taken as negative.
Figure 6.3 shows the nominal axial strain versus PSR and nominal axial strain versus nominal
volumetric strain for the low density (1.63 g/cm3) experiments. One can notice a gradual
increase in the major principal stress (σ1) to a peak value followed by a small amount of
softening, which leads to a critical state condition. The amount of post-peak softening
increase as the conﬁning pressure (CP) increases. Figure 6.3 shows that specimens exhibit
an initial contraction; with exception of the 10 kPa CP experiment, followed by the highest
rate of volume increase (dilation), which corresponds to the peak stress state. Then, the
rate of dilation diminishes during the post-peak regime. The 10 kPa conﬁning pressure
experiments shows a dilative behavior since the beginning of the test due to the very low
conﬁning pressure.
Figure 6.4 shows the 	a versus PSR and 	a versus 	p results for the 1.88 g/cm
3 ex-
periments in which σ1 gradually increases to a peak value followed by a severe softening
associated with the development of a shear band (e.g., Figure 6.5). As the shearing contin-
ued, more shear bands develop, which is associated with a drop in the PSR as a result of
sudden slip along the developed shear band. If shearing continues, multiple crossing shear
bands develop. The high degree of softening in the PSR and the development of multiple
shear bands are attributed to high degree of angularity and sub-prismoidal shape of particles,
which resulted in high degree of interlocking between particles that causes shear strains to
localize into shear bands. Then, the growth of the ﬁrst shear band gets arrested by specimen
boundaries, which results in the onset of more shear bands (Alshibli and Sture, 2000).
101
σ3 = 10 kPa
σ3 = 20 kPa
σ3 = 40 kPa
σ3 = 80 kPa
σ3 = 200 kPa
σ3 = 10 kPa
σ3 = 20 kPa
σ3 = 40 kPa
σ3 = 80 kPa
σ3 = 200 kPa
Figure 6.3: Nominal axial strain versus principal stress ratio and nominal axial strain
versus nominal volumetric strain relationships for the 1.63 g/cm3 specimens
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σ3 = 40 kPa
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Figure 6.4: Nominal axial strain versus principal stress ratio and nominal axial strain
versus nominal volumetric strain relationships for the 1.88 g/cm3 specimens
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Figure 6.5: Typical failure mode of JSC-1A triaxial compression specimen
The 	a versus 	p relationship shows a small initial contractive response followed by a
high rate of dilation (expansion) up to the peak stress state followed by a continuous volume
increase at a rate of 1/5 of the pre-peak dilation rate. For all experiments, the highest
volume expansion was recorded for dense specimens under low conﬁning pressure and the
dilation rate decreases as conﬁning pressure increases and as bulk density decreases. The
peak PSR decreases as the CP increases.
Youngs elastic modulus (E) was calculated from the initial tangent of the reloading loop
of the deviatoric stress (q = σ1 - σ3) versus 	a Shear modulus (G) was also calculated from
the slope of reloading loop of q versus deviatoric strain. Then, Poissons ratio (ν) can be
calculated as ν = (E/2G) 1 assuming an isotropic elastic material behavior. The values of
E, G, and ν are listed in Table 6.1. The values of ν are in the range of 0.40 to 0.47, which
are unusually high for a granular material. The E values are in the range of 10.3 MPa to 80
MPa depending on density and conﬁning pressure. E values are smaller than E of JSC-1,
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which are reported by Klosky et al. (2000).
6.5 Friction and Dilatancy Angles
Mohr-Coulomb failure criterion describes the relationship between shear stress at failure
(τ f ) and normal stress (σn) in terms of intercept (c) and angle of internal friction (φ) as:
τf = c + σn tanφ (6.1)
Equation (6.1) can be expressed in terms of major (σ1f ) and minor (σ3f ) principal stresses
at failure as:
σ1f = σ3f tan
2 (45o + φ/2) + 2c tan (45o + φ/2) (6.2)
One needs to perform at least two axisymmetric TC tests with similar densities under
two diﬀerent conﬁning pressures to determine c and φ from the slope and the intercept of
the tangent to the two Mohr circles assuming a linear Mohr-Coulomb failure envelope. In
our experiments, σ3f represents the conﬁning pressure, which was kept constant throughout
the experiments. σ1f can represent the peak or the critical state conditions. Figure 6.6
shows the linear Mohr-Coulomb failure envelopes for the peak and critical states for the
experiments. For 1.63 g/cm3 experiments, Mohr-Coulomb theory yields an intercept of 2
kPa and peak (φp) and critical state (φcs) friction angles of 40
o and 37o, respectively. The
intercept, φp, and φcs for the 1.88 g/cm
3 specimens are 5 kPa, 48o and 41o, respectively.
Klosky et al. (2000) reported c values between 3.9 kPa to 14.4 kPa for Dr of 53% and 95%,
respectively. The corresponding φ values were 44.4o and 43.6o, respectively. McKay et al.
(1994) reported c and φ values of 1 kPa and 45o, respectively, for JSC-1 with no information
about the specimens’ density. Perkins and Madson (1996) reported φ values between 64o
and 48o (with the assumption of c = 0) for σ3 of 10 kPa to 2200 kPa for JSC-1 specimens
at a bulk density of 1.78 g/cm3.
The analysis was repeated by adopting the assumption of a curved Mohr-Coulomb
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Figure 6.6: Mohr-Coulomb failure envelopes for peak and critical states: (a) ρ = 1.63
g/cm3 critical state; (b) ρ = 1.63 g/cm3 peak state; (c) ρ = 1.88 g/cm3 critical state; (d) ρ
= 1.88 g/cm3 peak state
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failure envelope and calculating φp and φcs for each experiment in order to incorporate the
inﬂuence of the dilatancy angle (ψ) explicitly into a friction-dilatancy model. The dilatancy
angle ψ was calculated using the following Equation:
sinψ = − (d	p/d	a)
2 + (d	p/d	a)
(6.3)
Where (	p/	a) is the maximum slope of 	p versus 	a relationship (Figures 6.3 & 6.4).
Figure 6.7 shows the inﬂuence of conﬁning pressure on φp, φcs, and ψ. φp can be as high as
60o for the dense specimen (Dr = 75%, bulk density = 1.88 g/cm3) associated with unusually
high ψ of 25.8o. φp and ψ remain relatively high even under 200 kPa conﬁning pressure.
For the low density specimens (Dr = 20%, bulk density = 1.63 g/cm3), one would expect
a contractive behavior of JSC-1A, yet specimens exhibit dilatancy angles between 4.9o and
2.6o for 10 kPa to 200 kPa conﬁning pressure. The associated φp varies from 43.6
o and
40.6o for the same σ3 values. The high ψ and φp are attributed to high degree of angularity
and sub-prismoidal shape of particles where interlocking between particles has substantial
contribution to the shearing resistance (Alshibli and Sture, 2000).
The Mohr Coulomb model does not account for material’s dilatancy explicitly, which
has a limitation when it is used to describe the behavior of highly dilative granular materials.
Bolton (1986) proposed a statistical model that links sands φp, φp to ψ based on experimental
results as:
φp − φcs = 0.8ψ = 5IR for plane strain experiments (6.4)
φp − φcs = 3IR for triaxial experiments (6.5)
IR = Dr (10− ln p′)− 1 (6.6)
IR is an empirical relative dilatancy index, p’ is the mean eﬀective stress at failure in kPa.
Equation (6.5) did not yield a good statistical correlation with a coeﬃcient of determination
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Figure 6.7: Inﬂuence of conﬁning pressure on friction and dilatancy angles
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(R2) of 0.34 for JSC-1A experiments. As a result, we propose the following models:
φp = φcs + 16
D0.9r
p′ 0.1cs
(6.7)
ψ = 54.827
D1.4r
p′ 0.1cs
(6.8)
where p′cs=(σ′1+2σ′3)cs/3 is the mean eﬀective stress at the critical state in kPa, Dr is the
relative density substituted as a decimal. For qualitative comparison purposes, the empirical
model was also made based on the data provided by Alshibli et al. (2003a) (Table 6.5) on
several axisymmetric triaxial tests that were performed on F-75 Ottawa sand. It yields in
the the following model:
φp = φcs + 20
D0.35r
p′ 0.25cs
(6.9)
The equations of empirical models can be illustrated in the surface plot for qualitative
assessment. Figure 6.8a and Figure 6.8b depict the surface plot for JCS-1A and F-75 Ottawa
sand, respectively. The surface plots x axes are for the relative density, y axes are for the p’
critical state, and z axis are for the friction angle at critical state predicted by the equation.
Both ﬁgures show that at the very low critical state mean stress level and high relative
density, the friction angle increases rapidly.
Equations (6.7) and (6.8) gave excellent predictions of σp and ψ, respectively, as illus-
trated in Figure 6.9. One can use these models to predict strength properties of JSC-1A and
the lunar regolith under diﬀerent state and stress conditions.
6.6 Terrestrial Versus Lunar Environments
Under moderate-to-high conﬁning stress (or mean stress) levels, the inﬂuence of gravity
on the behavior of laboratory test specimens may not be pronounced and, therefore, the
109
Table 6.2: Triaxial tests on F-75 Ottawa sand (Alshibli et al. (2003a))
Data Dr (%) σ3 φp φcs σ1p σ1cs pcs
mgmss32data 84.30 3.12 49.30 35.80 22.68 11.91 6.05
cd_3_09_98_2 91.30 69.55 42.36 34.89 356.87 255.46 131.52
cd_6_17_97 88.50 11.22 44.59 37.86 64.09 46.87 23.10
mgmf2dry_2 49.00 3.29 48.08 40.90 22.42 15.77 7.45
mgmf2dry_6 65.00 3.00 45.50 34.00 17.92 10.61 5.54
mgmtdlaf2_1 79.00 3.00 46.60 38.80 18.94 13.07 6.36
cd_6_20_97 89.10 11.30 44.81 38.31 65.23 48.14 23.58
cd_7_07_97 91.30 11.51 44.45 37.14 65.29 46.57 23.20
cd_3_03_98 86.10 34.67 44.18 36.44 194.11 136.08 68.47
cd_3_04_98 87.20 34.48 44.75 36.95 198.51 138.40 69.12
cd_3_05_98 83.60 34.48 43.49 36.93 186.71 138.25 69.07
cd_3_07_98 87.50 68.17 42.38 35.53 350.09 257.26 131.20
cd_3_09_98_1 90.80 69.38 42.33 35.35 355.47 259.82 132.86
mgmf1_007_1 87.30 0.06 63.45 35.63 1.00 0.21 0.11
mgmf1_075_1 85.90 0.72 52.07 32.21 6.10 2.36 1.27
mgmf1_189_1 86.40 1.46 53.29 39.87 13.27 6.68 3.20
mgmf2_007_1 64.80 0.07 69.79 35.25 2.29 0.27 0.14
mgmf2_075_1 62.20 0.58 55.76 36.67 6.12 2.30 1.16
mgmf2_189_1 65.00 1.51 47.63 30.59 10.05 4.64 2.55
4_20_98 66.50 70.02 42.12 35.29 355.23 261.60 133.88
4_22_98 67.90 69.66 42.66 34.86 362.54 255.53 131.62
4_23_98 67.10 69.83 41.87 34.40 350.13 251.20 130.29
4_30_98 67.80 34.24 44.13 35.80 191.24 130.76 66.41
5_4_98 66.60 34.14 43.73 36.83 187.02 136.32 68.20
5_12_98 67.10 34.34 44.37 37.33 194.05 140.15 69.61
6_10_98 66.20 13.01 47.86 41.61 87.65 64.44 30.15
6_15_98 67.40 13.10 48.17 41.09 89.70 63.34 29.85
6_29_98 65.70 13.10 46.94 40.34 84.17 61.19 29.13
ncnname_1 78.80 3.36 51.30 40.40 27.25 15.74 7.49
ncnname_2 82.30 3.26 51.60 40.60 26.88 15.41 7.31
nc1 79.70 3.34 50.70 36.50 26.20 13.15 6.61
nc2 78.70 3.30 49.70 38.40 24.51 14.12 6.91
nc3 77.80 3.25 49.80 37.20 24.27 13.19 6.56
mgmss26data 85.00 2.00 44.91 29.13 11.61 5.79 3.26
mgmss28data 85.00 3.17 46.20 37.75 19.62 13.18 6.51
mgmss29data 85.00 2.99 48.40 31.87 20.72 9.68 5.22
mgmss33data 73.20 3.33 49.57 36.99 24.56 13.39 6.68
mgmss34data 76.70 2.48 50.85 36.45 19.61 9.74 4.90
mgmss35data 76.80 2.55 48.84 33.46 18.09 8.82 4.64
mgmss36nsdata 66.50 2.12 44.69 32.00 12.17 6.90 3.71
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(b)
Figure 6.8: Surface plot of the empirical model for: (a) JSC-1A; (b) F75 Ottawa sand
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Figure 6.9: Experimental versus model peak friction and dilatancy angles
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test results in terrestrial (1-g) environment may be suﬃciently conclusive. However at low
inter-particle stresses, which can result either from low applied (conﬁning) stresses or reduced
gravity, the presence of gravitational body forces acting on solid particles exert a pronounced
inﬂuence on movement of individual particles or particle groups. Such motions, in turn, cause
changes in soil fabric, which results in signiﬁcant changes in the inter-particle friction forces
contributing to the soils strength and deformation characteristics.
These experimental limitations on earth have important implications in geotechnical and
planetary engineering. For example, at or near-zero eﬀective stresses, quantitative evaluation
of the contribution to soils shear strength by particle interlocking cannot be accomplished by
direct means at the present time in terrestrial environment. The microgravity environment
induced by near-orbits of spacecraft provides unique experimental opportunities for testing
theories related to the mechanical behavior of soils. It eliminates the eﬀects of specimen
weight, specimen size, minimizes the eﬀects of boundary conditions and makes it possible
to create a uniform near-zero eﬀective stress state throughout a soil test specimen. A series
of triaxial specimens were conducted on F-75 Ottawa sand under very low eﬀective stress
(0.05 to 1.30 kPa) aboard the NASA Space Shuttle during STS-79 and STS-89 missions
(Sture et al., 1998, Alshibli et al., 2000). The results of these microgravity experiments show
unusually high peak strength friction angles in the range of 47.6o to 70o (Figure 6.10a). The
properties for the same material at the same density, tested in terrestrial environment at 10
kPa and 70 kPa gives angles of 44o to 42o, respectively. It was observed that the residual
strength levels were in the same range as that observed at higher conﬁning stress levels
(Sture et al., 1998). The dilatancy angles were also unusually high in the range of 30o to 31o
(Figure 6.10a).
Future exploration missions to the moon will involve establishing large habitats, pro-
cessing plants, and vehicle landing/ launch pads that require massive regolith excavation
and hauling activities. For example, lunar regolith can be used as a shield against radiation
to protect crew living quarters. The gravitational acceleration on the moon surface is 1.63
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Figure 6.10: The eﬀects of conﬁning pressure and gravity on friction and dilatancy angle of
F-75 Ottawa sand (Alshibli et al., 2000)
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m/s3. Assuming an in situ mass density of 1.96 g/cm3 (Dr = 0.95) for the lunar regolith at a
depth of 3 m. Then the vertical stress will be only 9.58 kPa and the lateral conﬁning stress
(σ3) is approximately 3.5 kPa. The predicted φp and ψ according to Equations (6.7) and
(6.8) are 63.4o and 40.9o, respectively. On the other hand, at a depth of 0.5 m and assuming
a very loose packing with a bulk density of 1.57 g/cm3 (Dr = 0.05), σ3 will be only 0.47 kPa
and the predicted φp and ψ are 40.4
o and 0.8o, respectively. As mentioned earlier, Mitchell
et al. (1972) reported that in situ density can rapidly increase to as high as 1.96 g/cm3 at
a depth of only 0.5 m, which gives φp and ψ of 61.6
o and 46o, respectively. The high φp
will impact many construction activities. For example, a bulldozer will need more energy
to mobilize regolith. The unusually high ψ cannot be ignored since the process of moving
regolith by a bulldozer plate will result in a substantially higher volume at relatively loose
density.
Unfortunately, in situ strength measurements of the lunar regolith relied on limited
cone penetration measurements and analyses of images of astronaut bootprints, interaction of
Apollo footpad with lunar surface, etc. Such estimates do not provide accurate measurements
of shear strength and deformation characteristics of lunar regolith. This chapter shows that
the peak friction angle can vary over a wide range depending on regolith density and stress
conditions. The unusually high dilatancy angle should be incorporated in any model used
to better understand the constitutive behavior of lunar regolith.
6.7 Conclusions
The chapter presented a characterization of physical and shear strength properties of
JSC-1A lunar regolith simulant. It was found that JSC-1A closely matches the particle
size distribution of some of Apollo lunar regolith samples reported in the literature and its
speciﬁc gravity of solids is within the estimated range of Apollo samples. JSC-1A particles
have a good resemblance to the lunar regolith images reported by Carrier et al. (1973).
Shear strength properties were presented within the context of Mohr-Coulomb and friction-
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dilatancy theories. The measured peak friction angle is in the range of 40o to 59o in terrestrial
environment depending on the conﬁning pressure and specimen density. The dilatancy angles
vary between 3o to 26o depending on specimen density and conﬁning pressure. Two empirical
models were developed, based on experimental results, to predict the peak friction and
dilatancy angles as a function of regolith density and mean eﬀective stress at the critical
state. Very high peak friction and dilatancy angles are predicted for the lunar regolith due
to the reduced gravity environment on the moon surface, which will signiﬁcantly impact
future exploration and construction activities on the lunar surface.
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CHAPTER 7
DEM SIMULATION OF STRENGTH PROPERTIES OF
JSC-1A LUNAR REGOLITH SIMULANT
7.1 Introduction
The vision for space exploration, a plan leading to new manned lunar missions, renewed
the interest in conducting research about the engineering behavior of the lunar regolith.
Research about physical characterization and constitutive behavior of the lunar regolith are
inevitable, since there will be more frequent missions. These missions persuade the necessity
to build adequate structures and infrastructures on the moon surface, as well as the necessity
to establish large habitats, processing plants, and vehicle landing/launch pads that require
massive regolith excavation and hauling activities on the moon surface.
Nearly the entire moon surface is covered with regolith, a layer of loose, heterogeneous
material, composed of mostly dust and rock fragments. Note that the term lunar regolith
is often interchangeably used with lunar soil. However, the term lunar regolith is more
pertinent than the term lunar soil since the soil term is used generally for earth material
that has organic content whereas the moon has none. The lunar regolith is a complex
mixture of ﬁve basic ingredients: crystalline rock fragments, mineral fragments, breccias,
agglutinates, and glasses. The relative proportion of each particle type varies from one place
to another and is dependent on the mineralogy of the source rocks and the geologic processes
that the rock has undergone (Heiken et al., 1991).
The lunar regolith consists of discrete solid particles, which can be classiﬁed as a gran-
ular material or similar to granular soil according to the ASTM-D653 deﬁnition . Mitchell
et al. (1972) reported that the mechanical properties of the lunar regolith are remarkably
similar to terrestrial soils of comparable gradation (silty ﬁne sand), even though the two
soil types are compositionally dissimilar. However, Sture et al. (1998)demonstrated that
the mechanical behavior of granular materials (e.g., friction and dilatancy at low eﬀective
stresses) is noticeably diﬀerent than at medium to high eﬀective stress levels. It was based on
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a series of triaxial compression experiments on sand that were conducted in a microgravity
environment during the NASA Space Shuttle missions. One of the main factors is that the
gravity force eﬀect becomes more pronounced under low stress levels. Other studies also
conﬁrm that gravity inﬂuences the mechanical behavior of granular materials. Klein and
White (1988) conducted simple experiments on granular materials using small rotational
drum ﬂows at various gravitational levels from 0.1-g to 1.8-g aboard the NASA KC-135 air-
craft. They found that the dynamic angle of repose varies with the reciprocal of the square
root of gravity, which contradicts the present results, which state that the dynamic angle
of repose is independent of gravitational level. In addition, Walton et al. (2007) conducted
experiments on micron-scale pharmaceutical powders in a centrifuged rotating drum. They
concluded that the cohesion of a powder varies with gravity-level, with the powder appearing
more ’cohesive’ as the eﬀective gravity level decreases.
Some in situ testing and data interpretation on lunar regolith have been reported since
1969 during the Apollo 11 mission (Costes et al., 1970), Apollo 12 (Scott et al., 1971),
Apollo 14 (Mitchell et al., 1971), Apollo 15 (Mitchell et al., 1972), Apollo 16 (Mitchell et al.,
1972) and Apollo 17 (Mitchell et al., 1973).These reports were based on simple experiments
and interpretation from astronauts boot prints,Modularized Equipment Transporter (MET)
tracks, Lunar Roving Vehicle (LRV) tracks, Soil Mechanic Trench (SMT), Apollo Simple
Penetrometer (ASP), Self Recording Penetrometer (SRP), and neutron core open hole (neu-
tron ﬂux probe) tests. There has been no standard laboratory experimental data reported on
lunar regolith that were conducted under lunar gravity to describe the constitutive behavior
of the lunar regolith.
The immediate need for material science research especially for lunar exploration re-
quires a large quantity of a simulant material to closely mimic the actual material prop-
erties.The lunar regolith simulant has been used mainly for prototype testing to support
NASA’s future exploration to the moon and other material experiments. JSC-1A lunar
regolith simulant was produced to match, as closely as possible, the composition of JSC-
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1 regolith simulant, which has been developed and characterized under auspices of the
NASA/Johnson Space Center (JSC).
An extension of the investigation to a broader range is important especially at low
mean stress levels. It is diﬃcult to run experiments at low mean stress level due to the
inﬂuence of terrestrial gravity. Therefore, a reasonable approach is through a numerical
model, which is less expensive and less time-consuming. The Discrete Element Method
(DEM) was pioneered and developed by Cundall and Strack (1979). It is considered to be
one of the numerical simulation approaches capable of predicting the constitutive behavior
of granular materials at low stress levels. DEM is based on the use of an explicit numerical
scheme in which interaction of the particles is monitored by contact and the motion of the
particles, both modeled particle-by-particle. It is an excellent tool for fundamental research
about the behavior of granular assemblies. Simulating soil experiments using DEM have been
carried out by many researchers (e.g., Ting and Corkum, 1988; Thornton, 2000; Potyondy
and Cundall, 2004; O’Sullivan et al., 2004; Cui et al., 2007).The objective of this chapter is
to simulate the constitutive behavior of JSC-1A using 3D axisymmetric triaxial compression
tests. This is done by utilizing the Particle Flow Code in 3 Dimensions (PFC3D) DEM
software of Itasca. Emphasis is on assessing the inﬂuence of gravity on friction angle and
comparing the DEM model predictions based on experimental results. The simulations
are performed under relatively low conﬁning pressures, therefore, no particle crushing is
considered.
7.2 Discrete Element Modeling
PFC3D version 2 software from Itasca was used to perform DEM simulations. The
PFC3D elements are distinct particles, which are represented by a sphere or a group of
spheres. Particles displace independently from one another and interact only at contacts or
interfaces between them. The behavior of the contacts is characterized using a soft contact
approach in which a ﬁnite normal stiﬀness is taken to represent the measurable stiﬀness that
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exists at a contact. The constitutive behavior of such a system is the described in terms
of the movement of each particle and the inter-particle forces acting at each contact point.
Newton’s laws of motion provide the fundamental relationship between particle motion and
the forces causing that motion.
PFC3D monitors particles interaction and their interaction with the boundaries through
the forces that develop at their contacts. Every contact involves two entities (particle-to-
particle or particle-to-boundary) and occurs at a point through which the contact force acts.
A contact-stiﬀness in the PFC3D model provides an elastic relationship between the contact
force and the associated relative displacement. The normal and shear contact stiﬀnesses
relate the normal and shear components of force and relative displacement. The contact-
stiﬀness model adopted in this chapter is a linear model where forces and relative displace-
ments are linearly related by a constant contact stiﬀness, which is a function of the intrinsic
stiﬀnesses of the two contacting entities. Furthermore, the slip model in PFC3D allows two
entities in contact to slide relative to each other and to separate if they are not bonded and
a tensile force develops between them. The slip model also enforces a no-tension criterion.
In this simulation, no contact bonds are used, so the slip condition occurs when the shear
component of force reaches the maximum allowable shear contact force. This allowable shear
contact force is taken to be the minimum friction coeﬃcient of the two contacting entities
multiplied by the magnitude of the compressive normal component of force. The following
parameters were used in all simulation runs:
1. Particle friction coeﬃcient = 1.2
2. Particle normal stiﬀness = 1.5 x 106 N/m
3. Particle shear stiﬀness = 1.5 x 106 N/m
4. Membrane stiﬀness = 1.5 x 104 N/m
5. Endplates stiﬀness = 1.5 x 106 N/m
An algorithm was developed to simulate the axisymmetric triaxial test. There are two
components in the simulation algorithm:
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• Particles: They are modeled by clumping (fusing) two spheres (Figure 7.1a). One
particle has a diameter of 8 mm and the other has a diameter of 6 mm. The particles
are uniform in size and shape and have a speciﬁc gravity of 2.92. The volume of a
particle is the total of the two spheres volume excluding the overlapping volume. The
two particles overlap by a distance of 4 mm center-to-center of particles. A clumped
particle acts as a rigid body (with a deformable boundary) that will not break apart,
regardless of the forces acting upon it. Contacts internal to the clump are skipped
during the calculation cycle, resulting in a saving of computer time compared to a
similar calculation in which all contacts are active. However, contacts with particles
external to the clump are not aﬀected (Itasca, 1999).
• Boundaries: The simulated specimen has two boundaries, membrane and endplates.
The membrane is modeled by a group of ’walls’. PFC3D deﬁnes a wall as a rectangular
planar polygon. There are 32 planar polygons assembled vertically to create an ap-
proximately open cylindrical shape. These walls are overlapped at their edges to allow
radial expansion during compression without allowing an open space for the particles
to exit. The size of the simulated cylinder matches the size of the laboratory specimen.
Similarly, the top and bottom endplates are also modeled by two plates. Figure 7.1b
shows the simulated membrane and endplates.
7.3 Simulation Procedure
Figure 7.2 shows the sequence of the simulation starting from particles’ deposition to
the ﬁnal compression. The ﬁrst step is to prepare the specimen at the desired density,
which is simulated by depositing or raining a group of particles from a certain height above
the open cylinder with the bottom endplate installed. The group of particles is numerous
enough to completely ﬁll the cylinder. The particles are allowed to fall into the cylinder
under gravity force and to ﬁll it until they reach equilibrium (i.e., no more movement). Note
121
(a) (b)
Figure 7.1: (a) Clumped particle, (b) Boundaries
that the equilibrium is achieved by allotting a suﬃcient number of cycles. After that, the top
endplate is placed. Any particle located above the top endplate is deleted. The density and
the corresponding void ratio are calculated and compared with the target density and the
corresponding void ratio. If the density does not match the target density, then the particle
deposition process is repeated. A few trials were needed to match the desired density by
changing the particle frictions and height of deposition.
After achieving the target density, the boundaries and particle properties as well as
other parameters can be changed to a designated value to simulate the experiments. Note
that the properties of particles and boundaries during the deposition are assigned solely
to achieve the target density and they may not be the same as the properties during the
loading. The stiﬀness of the membrane (lateral boundary)is set to be lower than the particles
stiﬀness in order to simulate soft conﬁnement of the actual latex membrane. The conﬁning
pressure is applied to the boundaries by means of moving them inward (toward the specimen
center) at a certain velocity. The conﬁning pressure is computed by taking the average of
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Figure 7.2: Snapshots of DEM simulation sequence
the stress acting on each set of opposing boundary wall, where the stresses on each wall
are computed by dividing the total force acting on the wall by its area. The conﬁning
pressure is applied using a numerical servo-control to adjust the wall velocities. This reduces
the diﬀerence between the measured pressure and speciﬁed pressure so that the speciﬁed
conﬁning pressure is maintained. From this step and throughout the loading process, the
conﬁning pressure is kept constant by a numerical servo-control function.
Finally, the loading (compression) is applied by moving the top endplate downward and
the bottom endplate upward. The velocity is ramped up from zero to a speciﬁed velocity
(i.e., displacement rate) in a controlled fashion. Then, the compression is continued at a
constant displacement rate until the specimen reaches the critical state.
7.4 Results
Prior to simulations, calibration was performed to achieve the best match with the
laboratory results. The input parameters were varied until the best match was obtained.
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Table 7.1: Test parameters for DEM simulations
Bulk Dry 
Density 
(g/cm3) 
σ3 (kPa) at 
g = 9.81 
(m/s2) 
g = 1.63 
(m/s2) 
1.63 1.5 0.25 
 5 0.52 
 10 1.5 
 20 5 
 40 10 
 80  " 
 150  " 
 200  " 
1.72 1.5 0.25 
 200 1.5 
  " 10 
1.80 1.5 0.25 
 200 1.5 
  " 10 
1.88 1.5 0.25 
 5 0.52 
 10 1.5 
 20 5 
 40 10 
 80  " 
 150  " 
  200  " 
These parameters were then used for the rest of the simulations. Table 7.1 lists a summary
of the DEM simulations that were performed under two nominal gravities, four dry bulk
densities, and a wide range of σ3 values. The minimum workable conﬁning pressure for the
simulation was chosen to be 1.5 kPa for tests at terrestrial gravity (g = 9.81 m/s2) and
0.25 kPa for tests at lunar gravity (g = 1.63 m/s2). Simulations at smaller σ3 values were
attempted, but it was not possible to achieve the target isotropic conﬁnement at a smaller
σ3 than the values reported in Table 7.1 due to the inﬂuence of gravitational body forces.
Figure 7.3 shows the relationships between the principal stress ratio (PSR = σ1/σ3)
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Figure 7.3: Principal stress ratio versus nominal axial strain relationships
and the nominal axial strain (	1 ) for 1.63 g/cm
3 and 1.88 g/cm3 dry bulk density and ﬁve
conﬁning pressure levels. Both simulation and laboratory results depict a gradual increase in
the PSR to a peak value followed by a softening, which leads to the critical state condition.
The rate of softening gradually diminishes during the post-peak regime. However, the post-
peak softening is more pronounced for the high-density (1.88 g/cm3) compared to the low-
density (1.63 g/cm3) specimens. The high degree of softening in the PSR is attributed to
a high degree of angularity and sub-prismoidal shape of particles, which resulted in high
degree of interlocking between particles.
The PSR increases as σ3 decreases. In addition, the initial slope of the PSR versus in-
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creases as σ3 decreases. This is attributed to the sliding mechanism between particles during
shearing where particles override others and then slide. The sliding mechanism determines
the friction angle of the material. Bishop (1972) conducted experiments with steel shot,
which were eﬀectively unbreakable. However, they were plastically deformable and showed
that the increase of conﬁning pressure leads to the reduced angle of shearing. In addition,
Bolton (1986) indicated that the diﬀerence between the peak state and critical state friction
angles decrease as the mean eﬀective stress increases.
The soil cohesion in Equation (6.1) is independent of the normal stress. It is still
disputed by many researchers whether c represents the material ’true’ cohesion or just a
parameter of a linear ﬁt of Mohr-Coulomb model. Some argue that cohesion is caused by
capillary forces in partially-saturated uncemented soils; therefore, dry soils should not exhibit
cohesion. Klosky et al. (2000) called c as an ’apparent’ cohesion ca, which resulted from
the linear ﬁt of Mohr-Coulomb model and did not represent the ’true’ cohesion of JSC-1.
Since JSC-1A is a particulate material, which was sheared under dry conditions, the authors
believe that c values represent rather a model ﬁt and not a material cohesion. As a result c
is assumed to be zero.
The peak and critical state (cs) PSR were determined for each test to compute the peak
(σp) and critical state (σcs) friction angles as:
φp = sin
(
(σ1/σ3)p − 1
(σ1/σ3)p + 1
)
(7.1)
φcs = sin
(
(σ1/σ3)cs − 1
(σ1/σ3)cs + 1
)
(7.2)
where σp and σcs are peak and critical state friction angles, respectively, and σ1 is the major
principal stress.
Figure 7.4a shows the variation of σp and σcs with σ3 for two densities under terrestrial
gravity. It is superimposed on the data obtained from the laboratory experiments on JSC-
1A. Alshibli et al. (2003a) conducted experiments on F-75 Ottawa sand at various conﬁning
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Figure 7.4: Eﬀect of conﬁning pressure on σp and σcs at diﬀerent gravity environments: (a)
g = 9.81 m/s2; (b) g = 1.63 m/s2
pressures and the σp of the Ottawa sand were also included in Figure 7.4a. The DEM curves
show that as σp and σcs increase, σ3 decreases. The increase in σp and σcs is more pronounced
at near-zero σ3 where the both angles show a steep curve. At higher σ3, σp and σcs do not
change signiﬁcantly. Results from the laboratory experiments on JSC-1A and from Alshibli
et al. (2003a) have a close agreement with the DEM results. Similar trends were also found
for the DEM simulations under lunar gravity as illustrated in Figure 7.4b.
Friction angles from in situ measurements interpretation and estimation of lunar regolith
on the moon surface (or near surface) during Apollo 14 through 17 missions are also included
in Figure 7.4b. The corresponding conﬁning stresses of the lunar in situ measurement were
estimated from the depth of observation below the surface. The in situ friction angles
have lower values than the ones predicted by DEM simulation of JSC-1A. However, most
in situ friction angles were based on image estimates or indirect interpretation of diﬀerent
measurements instruments/tools, which involve errors in such measurements. Furthermore,
127
trends for in situ data measurements cannot be established since limited results are reported
in relation to the variation of the σ3. In general DEM results show a favorable agreement
with the in situ measurements.
Figure 7.5 depicts the relationship between σp and σcs versus σ3 on a logarithmic scale
under the two gravity environments. High σp values were found in the range of 35.4
o to
82.7o depending on the density and σ3. Similarly, high σcs values were found in the range
of 31.2o to 79.8o. The curves for the g = 9.81 m/s2 and g = 1.63 m/s2 merge at commons
nominal conﬁning pressures in the range between 1.5 kPa and 10 kPa. This implies that the
inﬂuence of gravity force is insigniﬁcant due to the fact that the inﬂuence of gravitational
force was taken into account in calculating the conﬁning pressure in the DEM simulations.
One can notice that the slope of the curves varies as σ3 changes. The steepest slopes take
place when σ3 = 1.5 kPa to 40 kPa. The curves converge as σ3 decreases and vice versa. One
can notice that σp and σcs do not change signiﬁcantly when σ3 > 40 kPa. For comparison
purposes, Sture et al. (1998) and Alshibli et al. (2000) conducted a series of axisymmetric
triaxial experiment on F-75 Ottawa sand. These experiments were conducted under very
low σ3 in the range of 0.05 to 1.30 kPa in a microgravity environment aboard the NASA
Space Shuttle during STS-79 (Dr = 85%) and STS-89 missions (Dr = 65%). The results of
these microgravity experiments show a high σp in the range of 47.6
o to 70o (Figure 6.10).
The trend of the curves is very similar to Figure 7.5.
One can infer from Figure 7.5 that the 1.88 g/cm3 density experiments have relatively
higher σp and σcs than the 1.63 g/cm
3 density experiments at the same σ3. This is attributed
to the more particles interlocking, higher number of particle contacts (coordination) and
stronger contacts between particles for higher density than lower density specimens. Figure
7.6 shows the relationships between σp, σcs and the relative density (Dr), where σp and σcs
increase as the relative density increases for both terrestrial and lunar gravity conditions.
One can also notice that the diﬀerence between σp and σcs increases as the relative density
increases. This implies that density also has a signiﬁcant inﬂuence not only on σp and σcs
128
0.1 1 10 100 1000
σ3 (kPa)
20
30
40
50
60
70
80
90
φ p 
or
 φ c
s (
de
g.
)
ρ = 1.63 g/cm3, peak, g = 9.81 m/s2
ρ = 1.63 g/cm3, cs, g = 9.81 m/s2
ρ = 1.88 g/cm3, peak, g = 9.81 m/s2
ρ = 1.88 g/cm3, cs, g = 9.81 m/s2
ρ = 1.63 g/cm3, peak, g = 1.63 m/s2
ρ = 1.63 g/cm3, cs, g = 1.63 m/s2
ρ = 1.88 g/cm3, peak, g = 1.63 m/s2
ρ = 1.88 g/cm3, cs, g = 1.63 m/s2
Figure 7.5: σp and σcs versus log σ3
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Figure 7.6: σp and σcs versus relative density (Dr)
but also on the diﬀerence between them.
σp values based on DEM simulation were compared with σp based on Equation (6.7)
predictions. σp in Equation (6.7) were calculated using cs of DEM simulations, Dr and for
each test. Figure 7.7 shows an excellent correlation between σp of Equation (6.7) and σp of
the DEM simulations. They ﬁt close to the 1:1 line with the goodness of ﬁt (R2) of 0.93, the
mean square error (MSE) of 14.2 and the regression standard error (SE) of 0.05. The DEM
simulations of this chapter have an excellent agreement with the proposed empirical model.
A possibly curved Mohr Coulomb model was also investigated, and it was found that
the model proposed by Carrier (1984) gave the best ﬁt for the DEM results as:
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• Terrestrial gravity:
τf = 3.98σ
0.64
n R
2 = 0.89 peak state (7.3)
τf = 2.86σ
0.67
n R
2 = 0.98 critical state (7.4)
• Lunar gravity:
τf = 4.58σ
0.58
n R
2 = 0.97 peak state (7.5)
τf = 3.59σ
0.63
n R
2 = 0.98 critical state (7.6)
The ﬁndings of this chapter provide an interesting insight into geotechnical engineering
applications on the moon surface. At or near-zero eﬀective stresses, quantitative evaluation
of the contribution to soil’s shear strength by particle interlocking cannot be solved by direct
means at the present time in the terrestrial environment. Under moderate-to-high conﬁning
stress (or mean stress) levels, the inﬂuence of gravity on the behavior of laboratory test
specimens may not be pronounced. Therefore, the test results in the terrestrial environment
may be suﬃciently conclusive. However at low inter-particle stresses, which can result either
from low applied (conﬁning) stresses or reduced gravity, the presence of gravitational body
forces acting on solid particles exert a pronounced inﬂuence on movement of individual
particles or particle groups. Such motions, in turn, cause changes in soil fabric, which
results in signiﬁcant changes in the inter-particle friction forces contributing to the soil’s
strength and deformation characteristics.
Future exploration missions to the moon will involve establishing large habitats, pro-
cessing plants, and vehicle landing/launch pads that require massive regolith excavation
and hauling activities. The high σp will impact many construction activities. It will be
very costly to deliver heavy construction equipment from Earth to the moon. As a result,
lightweight equipment combined with the low-gravity environment on the moon surface will
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reduce the eﬃciency and traction forces between the equipment and the lunar regolith. Fur-
thermore, the regolith will exhibit higher σp on the moon surface due to the reduced gravity
environment, which will further reduce the eﬃciency of the construction equipment. The
available in situ measurements of the lunar regolith strength properties relied on limited
cone penetration measurements and analyses of images of astronaut bootprints, interaction
of the Apollo footpad with lunar surface, etc. Such estimates do not provide an accurate
assessment of the constitutive behavior of the lunar regolith. The DEM simulation reported
in this chapter can serve as an excellent analysis tool to predict in situ properties of lunar
regolith and will contribute to a better understanding of the behavior of lunar regolith on
the moon surface. Future, accurate in situ measurements of regolith strength characteristics
are essential for better understanding of its constitutive behavior in preparation for major
future exploration missions. Until such measurements become available, modeling tools such
as the one reported in this chapter will prove vital for future exploration missions.
7.5 Conclusions
DEM is an excellent tool to simulate axisymmetric triaxial compression test in order to
assess the constitutive behavior of the JSC-1A lunar regolith simulant. This chapter assessed
the variation of σp and σcs based on the triaxial simulation for JSC-1A lunar regolith simulant
at a wide range of conﬁning pressures, densities, and gravity environments. High σp and σcs
values were found in the ranges of 35.4o to 82.7o, and 31.2o to 79.8o, respectively, depending
on the density and the conﬁning pressure. DEM simulation results show that σp and σcs
increase as the σ3p decreases and σp and σcs increase rapidly at very low σ3p. Also, σp and σcs
increase as the density increases. DEM simulation successfully validated an empirical model
that was previously developed for JSC-1A lunar regolith simulant. The DEM simulation
reported in this chapter can serve as an excellent analysis tool to predict in situ properties
of lunar regolith, which will contribute to a better understanding of the behavior of lunar
regolith on the moon surface.
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CHAPTER 8
SUMMARY/CONCLUSIONS AND RECOMMENDATIONS
8.1 Summary
The dissertation incorporated the experimental method and the application of DEM to
better understand the constitutive behavior of granular materials during shear. The experi-
mental method involved axisymmetric triaxial and biaxial tests coupled with x-ray computed
tomography (CT) imaging technique. They were employed to monitor the particle-to-particle
microscopic deformation process that takes place during shear. The state of the art com-
puted tomography systems were used, i.e. Industrial CT Scan facility at Marshall Space
Flight Center, Huntsville, Alabama, and Synchrotron Microtomography (SMT) Scanning
facility at Advanced Photon Source, Argonne National Laboratory, Illinois. The experimen-
tal works were emphasized and focused on studying dense and dry specimen tested under low
conﬁning pressure. DEM Algorithm was developed using Particle Flow Code in 3 Dimen-
sions (PFC3D) to simulate and validate the axisymmetric triaxial compression tests. Two
types of granular materials were used, F-75 Ottawa silica sand and Johnson Space Center
(JSC-1A) lunar regolith simulant.
The following conclusions are drawn:
1. X-ray computed tomography is an excellent tool to investigate microscopic deforma-
tions of granular materials during shear.
2. CT data analyses revealed cross-sectional spatial variation in void ratio (e) values,
where e is lower in regions close the edges of the specimen due to membrane eﬀects
(boundary conditions) and the conﬁning pressure. No signiﬁcant variation in e in the
axial direction (top to bottom) was observed before shearing. The shear band was
easily identiﬁed from the CT images and e proﬁles. A noticeable jump in the e proﬁle
was detected across the shear band. Relatively high peak void ratio (as high as 24.71%)
was observed within the shear band, which was caused by high dilation rate within the
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shear band.
3. High resolution SMT images revealed no well deﬁned boundaries for shear band region.
Therefore, the interface regions deﬁnition was introduced. The shear band thickness
calculation procedure was proposed. The thickness of the shear band was calculated,
which ranges from 2.4 mm to 3.0 mm.
4. High resolution SMT images show that the particles within the shear band regions
have diﬀerent structure and preferred orientation as compared to particles outside the
shear band regions.
5. Good correlations were found between average particle contacts and void ratio. The
average number of particles contacts/coordination is between 8 to 14 particles.
6. Statistical distribution of particles’ orientation within and outside the shear band was
computed. It showed that the majority of particles within the shear band orient in the
horizontal x-y plane (axisymmetric plane), whereas particles outside shear band have
no preferred orientation in the x-y plane and form chains with preferred angles of 30o
to 60o from the direction of the applied deviatoric stress.
7. Sliding and rolling within shear band regions are much more signiﬁcant than the outside
shear band regions. Particles exhibit more signiﬁcant rotation in the horizontal (x-y)
direction rather than the vertical (z) direction.
8. Characterization of physical and shear strength properties of JSC-1A were studied. It
was found that JSC-1A closely resembles the morphology and speciﬁc gravity of solids
of some of the Apollo regolith samples reported in the literature. The study shows
that the peak friction and dilatancy angles are highly inﬂuenced by specimen density
and conﬁning pressure. The measured peak friction angle is in the range of 40o-59o
in a terrestrial environment. Empirical models were established to predict the peak
friction and the dilatancy as a function of density and mean eﬀective stress at the
critical state. Very high peak friction and dilatancy angles are predicted for the lunar
regolith simulant under the lunar gravity environment.
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9. DEM was capable of simulating and predicting the friction angles at very low conﬁning
pressure. High peak and critical state friction angles were predicted in the ranges of
35.4o to 82.7o and 31.2o to 79.8o, respectively, depending on the specimen density and
the conﬁning pressure.
8.2 Recommendations
The following are the recommendations for the future works:
1. Robust increase in computing power oﬀers an excellent opportunity to link the com-
puted tomography imaging technique and the DEM. It can be achieved through devel-
oping DEM algorithms that are capable of extracting and processing the information
from high resolution 3D CT images.
2. The image analysis is highly dependent on the resolution. Searching for other possible
imaging techniques that are capable of obtaining higher resolution images is desirable.
For example, transmission electron microtomography, which is capable of generating
images with a resolution down to nano-scale. Furthermore, it oﬀers not only visualiza-
tion technique but also quantiﬁcation of nano-size structures (Jinnai, 2007).
3. Developing an algorithm to obtain directional data of particle contacts can help to
better understand/explain how particles slide and rotate relative to each other.
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